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NET WEIGHT 5018S 


Kosmos 60 is today the most talked about 
furnace black for reinforcing natural and synthetic 
rubber. It originates from oil, and its manufac- 
ture is scientifically controlled to meet the highest 
standards. Its superb processing and balance of 
strength make for the best in rubber products. 


UNITED CARBON COMPANY, INC. 
Charleston 27, W. Va. 


New York © Akron ® Chicago ® Boston © Memphis 
Canada: Canadian industries (1954) Limited. 
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Call on PHILBLACK for valuable 
information about carbon blacks! 


We've been in the carbon black 
business for many years. In fact, 
Phillips pioneered the improved fur- 
nace blacks which have contributed 
SO significantly to the manufacture of 
better rubber products. During this 
time we have collected important data 
on rubber and worked out many solu- 
tions to rubber problems. 

Maybe you'd like more data on 
how to speed up processing . . . im- 
prove extrusions and moldings. . . 
increase flex life? It is our business to 
help rubber manufacturers turn out 
better products . . . more easily and 
more profitably. 


To take advantage of the helpful 


services available to you, consult your 
Phillips technical representative. 


Meet the Philblacks/ 


DISCOVER WHAT THEY’LL DO FOR YOU! 


Philbiack A FEF Fast Extrusion Furnace Black 
Ideal for smooth tubing, accurate molding, satiny finish. 
Mixes easily. High, hot tensile. Disperses heat. Non-staining. 


Philblack | ISAF Intermediate Super Abrasion Furnace Black 
Superior abrasion resistance at moderate cost. Very high re- 
sistance to cuts and cracks. More tread miles at high speeds. 


Philblack O HAF High Abrasion Furnace Biack 
For long, durable life. Good electrical conductivity. Excellent 
flex. Fine dispersion. 


Philblack E SAF Super Abrasion Furnace Black 
Toughest black on the market. Extreme abrasion resistance. 
Withstands aging, cracking, cutting and chipping. 


WUnitie PHILLIPS CHEMICAL COMPANY, Rubber Chemicals Division, 318 Water St., Akron 8, Ohio. 
Export Sales: 80 Broadway, New York 5, N. Y. 


West Coast: Harwick Standard Chemical Company, Los Angeles, California. 


Entered as second-class matter March 19, 1943, at the Post Office at Lancaster, Pa, under the Act of 
August 24, 1912. Acceptance for mailing at special rate of postage provided for in paragraph (4-2), 
Section 34.40, P. L. and R. of 1948, authorized September 25, 1940 
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WITCO-CONTINENTAL 


al points the way... 
to serve your 


... producing Continex” 


SRF, SRF-NS, HMF, HAF, FEF, ISAF, CF; 


Continental® 


AA, A, F, R-40 rubber blacks 


...to solve your rubber problems 


Technical assistance has always played an important 

art in Witco-Continental’s service. At our Akron 
aboratory, experienced rubber chemists are available 
to assist in solving customers’ problems. At our modern 
research laboratory in Amarillo, new types of blacks are 
constantly being developed to help the rubber industry 
meet demands he new and improved products. 


For prompt service in your area, contact your nearest 
Witco sales office. 


Research and Technical Service 
boratories at 
36 Years of Growth Amarillo. Texas. and Akron, Ohio 


WITCO CHEMICAL COMPANY 
CONTINENTAL CARBON COMPANY 


122 East 42nd Street, New York 17, N. Y. 


Chicago + Boston + Akron + Atlanta» Amarillo « Houston « Los Angeles + Son Francisco 
London and Manchester, England 
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‘THE SERIES* 


SA 52-3 


(TETRAMETHYLTHIURAMDISULFIDE) 


SA57-3 


(ZINC 


1K extra fine grade of these Sharples Accelerators 
is designed primarily for use in cut rubber thread 
and thin-wall insulated wire compounds where 
maximum freedom from foreign material is essential 


Samples available upon request. 


SHARPLES CHEMICALS own 


a PENNE VYLVANIA GALT MANUFACTURING COMPANY 


500 Filth Ave. Mew 80 Jackson Bevieverd, Chicege 1065 
Martin, Hoy! & Milne ine, Son Froncisce Low Angeles: Seattie Portiond 
Comper, intercetonal Mew fork 
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YOUR 
PRODUCT 
DESERVES ACCELERATORS 


Accelerator 89 NA-22 Thivram 
Accelerator 552 Permalux Thivram M 
Accelerator 808 Polyac Thiuram M Grains 
Accelerator 833 ~Tepidone enite 
DOTG Tetrone A Zenite A 
Thionex Zenite Special 
MBTS Thionex Grains 
ANTI-OXIDANTS 
Atrofies CD Neozone D 
Antos Permolus 
Abrofles C Neozone A Thermofiex A 
AQUAREXES 
Aquarex [ Aquores ME 
Aaquerex G Aavarex NS 
Aquores Aquarex SMO 
Aavuares MI Aquarex WAG 


BLOWING AGENTS 


Jnice!| NO Jnice! 
COLORS 
Rubber Dispersed Colors 
Rubber Red PBD Rubber reen GSD 
Rubber Red 280 er Blue PCO 


Ry 
Rubber Yellow GO Rubber Blue GO 
Boot 


Rubber Green FO er Orange OD 


ORGANIC ISOCYANATES 


Hylene®*M Hylene®™M 
Hylene®*M.0 Hylene®1M.65 
Hylene®T 
Ml d PEPTIZING AGENTS 
RPA No. 2 RPA No. 5 
RPA No.3 RPA No. 6 


RPA IN 3 Concentrated 


RECLAIMING CHEMICALS 


DEPENDABLE IN PERFORMANCE RPA No. 3 RR-10 
... UNIFORM IN QUALITY SPECIAL-PURPOSE CHEMICALS 

Berak Accelerator ac ng agent 
fivator HELIOZONE check 
Copper inhibitor «-872- ng inhibitor 
— Inhibits catalytic o NBC — Inhibits weather 
tion of copper on elas cracking of G#-S 
tomers RETARDER W  Acceler- 
ELA—Elastomer lubricat otor retarder 


U PAT. OFF 


bE. 1. du Pont de Nemours & Co. (Ine.) 
Elastomers Division 


Akron 8, Ohio, 40 E. Buchtel Ave...... POrtage 2-646! 

Atlanta, Ga., 1261 Spring St., TRinity 5-5391 

Boston 10, Mass., 140 Federal St.........0005. HAncock 6-1711 

Charlotte, N.C. 427 W. 4th FRanklin 5.5561 

Chicago 3, 7 South Dearborn St........... ANdover 3.7000 

Detroit 35, Mich., 13000 W. 7-Mile Wd....... UNiversity 4-1963 

Houston 25, Texas, 1100 E. Holcombe Bivd...... JAckson 86-1432 

OFF Los Angeles 58, Calif, 2930 E. 44th LOgon 5-6464 

BETTER THINGS FOR BETTER LIVING Trenton 8, N, J., 1750 N. Olden Ave............EXport 3-714] 

THROUOM CHEMISTRY in New York call WAlker 5.3290 


in Conada contact: Dy Pont Company of Canada Limited, 
Box 660, Montreal, 


Rubber 
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Something new 
under the Christmas tree 


The “tree” is the complex system of valves, fittings and 
gauges that controls the flow of oil from wells. What’s new 
is the blend of CHEMIGUM and PLIOFLEX being used in the 
soles of the oil workers’ shoes. 


CHEMIGUM is a nitrile rubber. PLIOFLEX is a styrene 
rubber. Both have been used separately in high-grade 
soles of various types. Now, they can be blended to give 
stocks better in combined oil-resistance and wearing prop- 
erties than those of other rubbers or blends—and at much 
lower cost. Other advantages are: Low specific gravity. 
Excellent low temperature properties. Ease of processing. 
Safe scorch values. Excellent bin aging. 


CHEMICAL. 
GOOD/7YEAR PLIOFLEX blends for shoe soles or any oil- 


DIVISION 4 resistant product? Write for details plus the 
' “a latest Tech Book Bulletin to: 


Why not learn more about CHEMIGUM/ 


Rubber & 
Rubber Chemicals Department Goodyear, Chemical Division, Akron 16, Ohio 


Chemigum, Pliofex, Pliolite, Plio-Tuf, Pliovie -T. M.'s The Goodyear Tire & Rubber Company, Akron, Ohio 
CHEMIGUM + PLIOFLEX + PLIOLITE * PLIO-TUF + PLIOVIC « WING-CHEMICALS 


High Polymer Resins, Rubbers, Latices and Related Chemicals for the Process Industries 
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ical vulcanizing agent 


... afl CCONOM 


for heat-resistant, non-blooming stocks 


VA-7 is a new liquid vulcanizing agent for all 
types of unsaturated elastomers. It provides 
economical sulfurless” cures for nitrile, 
GR-S and natural rubber stocks. 

Stocks compounded with VA-7 display an 
outstanding combination of heat aging resis 
.. high tensile strengths ... . good 


tance .. 
and non- 


hot compression set resistance... 
blooming characteristics in the cured and 


uncured states. 


CHECK LIST OF VA-7 PROPERTIES 


Outstanding heat aging resistance 
Non-blooming in cured or uncured state 
High strengths at low concentrations 
Easy and uniform dispersion 
Good hot compression set 
Moderate price 


SYNTHETIC RUBBERS 


PLASTICITERS 


VA-7 also offers processing advantages— it 
can be dispersed more easily and uniformly 
than sulfur. Stable emulsions for curing 
latices can easily be prepared from VA-7. 

The moderate price of VA-7 is another 
feature that makes this product worth your 
investigation. Try VA-7 for heat-resistant, 
non-blooming stocks at reasonable cost! 

For compounding information and a sample 
of VA-7 fill out and mail the handy coupon. 


780 N. Clinton Avenue 
Trenton 7, New ion 
Please send me 

com 
ond a sample of VA 70) 


ding information 


CHEMICALS ROCKET MOTORS 


780 NORTH CLINTON AVENUE + TRENTON 7, NEW JERSEY 


1 
af 
1 ATION 1 
CITY AND ZONE 


RUBBER CHEM. & TECH.—Apr.-June 1956 


Mr. 


—a new trademark character we've 


adopted to represent our PHILPRENE® 
Polymers and Masterbatches. 


He's a cheerful fellow with a sunny 
disposition—always ready to help 
solve problems you may encounter 
with rubber products. 


Call on MR. PHILPRENE and his staff 
of experienced scientists and 
technicians at our Technical Service 
Laboratory. Write, wire or phone! 


PHILLIPS CHEMICAL COMPANY 
Rubber Chemicals Division, 318 Water Street, Akron 8, Ohio 
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pays 


In this competitive age you can profit more by taking 
advantage of teamwork offered by Sid Richardson Car- 
bon Co. Our TEXAS “E” and TEXAS “M” channel 
blacks can help you lower your costs, either when used 
alone or in blends with higher priced blacks. 


TEXAS CHANNEL BLACKS are manufactured in the 
world’s largest channel black plant. With our own 
natural resources nearby we assure you continuing 
deliveries to fill your requirements. 


tis 
e 
Sid Richardson 
C AR B O N 
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Looking for a cost cutting, 
quality building 


miracle additive ? 


uve VELSICOL 


hydrocarbon resins 
to make better rubber §.."..\ 
products, build 

quality and cut costs! 


Here are the facts! 


PHYSICAL GE-9 AB-11-4 X-30 
PROPERTIES | | 
Type Thermoplastic Thermoplastic Thermoplastic 
Hydrocarbon | Hydrocarbon | Hydrocarbon 

Form Solid or Powder | Solid or Flaked Solid of Flaked 
Specific Gravity @ 60°F 1.13-1.15 1.09-1.02 os 
Weight per gallon @ 60°F (Ibs.) 941-958 9.08-9.33 | a 
Bulking Value @ 60°F. 0,1044-0.1052 0.1074-0.1102 | —— 
Softening Point (Bali and Ring) 220°.230°F 220° -230°F 210°-220°F 
Color (Coal Tar Scale) 20-22 3%-4% | 1%-2* 
Acid No. 0-2 0-2 0-2 
Saponification No. 


*Color: Gardner: 10-11; Rosin Scale: |-K. 


These resins also have exceptionally good electrical insulation properties, because they are hydrocarbon polymers. 
Compatible with a variety of natural and synthetic rubber compound 


FOR: battery cases, electrical insulation, rubber shoe soles and heels, rubber floor tiling gaskets and jar 
rings, hard rubber compounds, tubular compounds, mechanical goods, rubber adhesives and cements, 
reclaimed rubber, molded rubber products, colored rubber stocks. 

ADVANTAGES: better milling, calendering, and tubing; more uniform cures, non-scorchy stocks; greater 

toughness, hardness, resistance to tearing, aging and abrasion; improved tensile strength 

and elongation; lower raw materials costs. 


Write for 
Technical Bulletin 218. 


VELSICOL 
CHEMICAL CORPORATION 
Dept. 97 330 East Grand Ave., Chicago 11, IMinols 
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PANAREZ 


improve products like these: 


If you compound rubber it will pay you to investigate low cost PANAREZ hydro- 
carbon resins. These softeners are available in any color from Barrett No. 1 to J® 
and softening point from 40° F to 300° F. They are supplied in flaked or solid for::. 


Compounds containing Panarez resins show IMPROVED COLOR AND COLOR 
STABILITY ... IMPROVED EXTRUDABILITY ... IMPROVED FLEX 
CRACK PERFORMANCE and ABRASION RESISTANCE... IMPROVED 
OZONE RESISTANCE... IMPROVED TEAR RESISTANCE, TENSILE 
STENGTH and ELONGATION. 


No change in compounding technique is required when 
switching to Panares resins 


For confidential information about how these low cost 
resins might be helpful in your business, write us, tell- 
ing the intended application 


PAN AMERICAN 


corR FP 


555 FIFTH AVENUE, NEW YORK 17, N.Y. 
PANAREZ PANAPOL PANASOL 
Hydrocarbon drying oils Aromatic solvents 
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Answering Questions About 
Rubber Formulations Is Our Business 


Sometimes the answers are so simple, 
we are surprised ourselves! Like the 
time a certain rubber processor brought 
us this one: 

The Problem: What is the best non- 
staining antioxidant for a 55 Durometer 
natural rubber stock with a heavy 
whiting load? 

Here's What Monsanto Compounders 
Did: Compounded a pale crepe stock 
with 100 parts of whiting... added 
Santowhite Crystals and also test 
batches including two other good com- 
mercial antioxidants. 

The Results: Formulation with Santo- 
white Crystals showed best aging by 
a wide margin. 

Better performance is the only way we 
sell. Sure, our crystals and powders are 
pure and pretty. But customers bu 
our rubber chemicals because they woah 
not only in the laboratory, but on the 
production line. 

Be your tonnage large or not-so-large, 


ask your questions anyhow. Unless 
your problem is so unique that it 
stumps the experts, the answer might 
require no more than riffling through 
the index of the more than 18,000 lab 
reports in our files. Monsanto Chemical 
Company, Rubber Chemicals Dept. RC-1, 
(telephone HEmlock 4-1921), Akron, O. 

Santowhite: Reg. U. Pat. Of 


Accelerators + For fast, slow, and regulated 
rates of safe cure. | 


Antioxidants + For maximum oxidation — 


| 
| 
11 

MONSANTO 


RUBBER CHEM. & TECH.—Apr.-June 1956 


for highest quality. 
_ RUBBER ¢ CHEMICALS © 


ACCELERATORS 
Thiazoles 
MBT (Mercaptobenzothiazole) 
MBT-XXX (Specially Refined — 
Odorless) 
MBTS (Benzothiazyldisulfide) 
NOBS* No. 1 Accelerator 
NOBS* SPECIAL Accelerator 
Guanidines 
DPG (Diphenylguanidine) 
DOTG (Diorthotolylguanidine) 
Accelerator 49 
ANTIOXIDANTS 
Antioxidant 2246® 
Antioxidant 425® 


PEPTIZERS 

Pepton® 22 Plasticizer 

Pepton® 65 Plasticizer 
RETARDER 

Retarder PD 
SULFUR 

Rubber Makers’ Grades 

*Trade-mark 


— CYANAMID — 
AMERICAN CYANAMID COMPANY 


RUBBER CHEMICALS DEPARTMENT 
BOUND BROOK, NEW JERSEY 


SALES REPRESENTATIVES AND WAREHOUSE STOCKS: Akron 
Chemical Company, Akron, Ohio « H. M. Royal, inc., 
Trenton, N. J. « H. M, Royal, Inc., Los Angeles, Calif. « 
Ernest Jacoby & Company, inc., Boston, Mass. « Herron & 
Meyer of Chicago, Chicago lilein Canada: St. Lawrence 
Chemical Company, Ltd., Montreal and Toronto. 


12 
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Around the World Mileage 
vith CABOT CARBON BLACKS 


CHANNEL FURNACE THERMAL 


For MAXIMUM RUBBER MILEAGE, whether in tires or in other rubber 
goods, Cabot offers the best quality, greatest variety of carbon blacks 
available. As the world’s only manufacturer of a complete range of channel, 
furnace and thermal blacks, Cabot is able to offer a black to satisfy your 
every rubber requirement. That’s why leading manufacturers of all types 
of rubber products continue to specify Cabot. For best carbon black 
performance, ask for... 


SPH ERON CHANNEL BLACKS: Spheron 9 EPC © Spheron 6 MPC 


Channel Blacks Spheron CCC FURNACE BLACKS: Vulcan 9 SAF 
Vulcan 6ISAF Vulcan © Vulcan SC SCF 
VU LCAN Cc Sterling 99 FF A Sterling SO FEF 

fling VG © Sterling LHMF © Sterling LL HM 
Furness Blache Sterling S SRF © Pelletex SRF © Pelletex NS SRF 
STERLING Sterling NS SRF THERMAL BLACKS: Sterling FT 
F. and TI | Blacks Sterling MT © Sterling MI-NS 


CABOT. GODFREY L. CABOT, INC. 


77 FRANKLIN STREET, BOSTON 10, MASS. 


| 
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BUTYL 


Enjay Butyl is the super-durable rubber with outstanding resistance to 
aging « abrasion « tear « chipping « cracking ¢ ozone and corona e 
chemicals gases heat « cold « sunlight moisture 


Know the facts about fabulous BUTYL 


Here are some of the reasons for the rapidly 
increasing acceptance of Eenjay Butyl for more 
and more rubber applications in more and 
more industries. 


® Molded mechanical goods like body bump- 
ers and auxiliary springs, outperform those 
made of natural rubber or GIS types. 


Good hot tear resistance reduces percent- 
age of mold removal rejects, thus reduces 
costs 


Excellent adhesion is obtained to fabrics 
and metals. 


Thermal interaction of Butyl with carbon 
black improves properties such as abrasion 
and resilience, 


Non-staining grades of Exnjay Butyl do 


not fade or discolor on exposure to light 
or weather. 


Moldings and extrusions do not crack from 
sunlight or weather exposure and they re- 
tain new appearance and performance 
longer 


Has excellent electrical properties plus 
resistance to ozone, corona, moisture ab- 
sorption and abrasion, that is outstanding. 


@ Resists both heat and aging in high voltage 
insulation compounds. 


Low cost... immediate availability. 


Get all the facts by writing or calling the 
Enjay Company. Complete laboratory and 
testing facilities are at your service 


Pioneer in Petrochemicals 


ENJAY COMPANY, INC., 15 West 5ist Street, New York 19, N. Y. 
Other offices: Akron « Boston + Chicago + Los Angeles « Tulsa 
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A New Non-Staining Rubber Antioxidant 


with Superior Characteristics 


Nevastain A is an excellent non- 
staining, non-discoloring antiox- 
idant with very low volatility and 
good stability. Synthetic and nat- 
ural rubber compounds using 
Nevastain A have superior physi- 
cal characteristics over those con- 
taining competitive non-staining 
antioxidants. Among its virtues 
are that it does not retard vulcan- 
ization, does not have an acceler- 
ating effect and does not bloom 
uncured or cured stock when used 
in normal quantities. This new 


nasal 


product is being produced on a 
plant scale and is readily avail- 
able and attractively priced. Use 
the coupon below to write for 
Technical Service Report No. 45. 


Neville Chemical Company, Pittsburgh 25, Pa 


Resins — Coumarone-Indene, Heat 
Reactive, Phenol Modified Couma- 
rone-indene, Petroleum, Alkylated 
Phenol + Oils—Shingle Stain, 
tral, Plasticizing, Rubber Reclaim- 
ing + Solvents—2.50 W Hi-Flash, 
Wire Enamel Thinners. 


COMPANY 


ar 


NCIORE 
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For 
Accelerators, 
Activators, 
Anti-Oxidants 
and 

Special 
Rubber 


Chemicals 


TRY 
NAUGATUCK 


NAUGATUCK supplies a 
complete line of proven 
accelerators, activators, 
anti-oxidants, and special 
chemicals to give you 
thorough control of rubber 
product manufacture and 
performance. 
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ACCELERATORS 
THIAZOLES — 
M-B-T 
M.B-T-S 
THIURAMS — 
MONEX*t TUEXxt 
MORFEX ETHYL TUEXT 
PENTEX* 
DITHIOCARBAMATES — 
ARAZATE* ETHAZATE*Tt 
BUTAZATE* METHAZATE*T 
ETHAZATE-50D 
ALDEHYDE AMINES — 
BEUTENE* HEPTEEN BASE* 
TRIMENE* TRIMENE BASE* 
XANTHATES — 
c-P-8* 


ACTIVATORS 
VULKLOR DIBENZO G.M-F 
D-B-A 


ANTI-OXIDANTS 
AMINOX* B-L-E* 
ARANOKX* B-X-A 
v-G-B* FLEXAMINE 
OCTAMINE* BETANOX* Special 


SPECIAL PRODUCTS 
BWH.! SUNPROOF* Improved 
CELOGEN SUNPROOF™® Junior 
CELOGEN-AZ SUNPROOF* —713 
E-S-E-N SUNPROOF® Regular 
LAUREX* SUNPROOF®* Super 
TONOX* KRALAC* A-EP 


SPECIAL PRODUCTS FOR 
SYNTHETIC POLYMERS 

DDM — modifier 

THIOSTOP K&N — short stops 

POLYGARD — stabilizer oReg. U.S Pot. Of 


THE WORLD'S LEADING 
MANUFACTURER OF 
RUBBER CHEMICALS 


LOOKING FOR... 
Plastics 
Reclaimed Rubber 
Synthetic Rubber 
Lotices 
Write, on your letterhead, for technical data 
or assistance with any Naugatuck product. 


trhese products furnished either in powder form or fost 
dispersing, free tlowing NAUGETS 


Naugatuck Chemical 


Division of United States Rubber Company 


Naugatuck. Connecticut 


IN CANADA NAUGATUCK CHEMICALS DIVISION 
Dominion Rubber Company, Limited, Elmira, Ontario 
RUBBER CHEMICALS « SYNTHETIC RUBBER « PLASTICS « AGRICULTURAL CHEMICALS 
RECLAIMED RUBBER ¢ LATICES « Cable Address: Rubexport, N. Y. 
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Naugatuck NAUGAPOLS 
answer your 


problems in...... | 
For products requiring R-§ RUBBER | 


excellent electrical properties 


and for those items designed for ELECTRICAL 


low moisture absorption, 

NAUGAPOL, butadiene-styrene INSULATION 
copolymers, ‘Specially Processed” 

during the finishing operation, is the 

best obtainable. 


Standard grade for wine) 
and cable and mechanical 
goods. 


Crosslinked processing 
aid. Wire and cable an 
mechanical goods. 


“NAUGAPOL 1019 Standard grade for wire 
and and mechanical 


‘NAUGAPOL 1023 Low styrene content. Wire 
ie and cable and mechanical 
goods for arctic service. 


GRADE END USES 
NAUGAPOL 1503 Standard grade for wire 


NAUGAPOL 1504 Low styrene content. Wire 
Ei ond cable and mechanical 


For technical data, information or assistance that will help you in process- 
ing of your rubber compounds, write to us on your company letterhead. 


Naugatuck Chemical 


ag Division of United States Rubber Company 
Naugatuck, Connecticut 


IN CANADA, NAUGATUCK CHEMICALS, Elmira, Ontario Cable Address Rubexport, 
Rubber Chemicals * Synthetic Rubber Plastics * Agricultural Chemicals Reclaimed Rubber Latices 


17 
Current NAUGAPOL Polymers for electrical applications 
HOT TYPES 
‘ COLD TYPES 
goods for arctic service. 


Oil EXTENDED 
POLYMERS 
GR-S TYPES 1703 
1707 
1708 
1801 
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HOW YOU BENEFIT WHEN YOU USE 
SUN RUBBER PROCESS AIDS 


CIRCOSOL-2XH 


BECAUSE 


New low cost! Low 
staining properties 
on white goods. 
Improves GR-S re- 
bound. Constant 
uniformity assures 
minimum down- 


grading. 


EXTENDED 
POLYMERS 
GR-S TYPES 1705 
1709 
1710 


NEOPRENE WHV 


SUNDEX-53 


Versatile. Highly 
compatible with 
natural rubber, re- 
claims, GR-S types. 


REGULAR NEOPRENES 
and 
NATURAL RUBBER 


SUNDEX-53 


Cost of compounds 
comparable to low- 
cost elastomers. 


CIRCO LIGHT 


RUBBER 


PROCESS-AID 


True softening by 
physical changes 
in rubber struc- 
ture. Large quan- 
tities obsorbed 
without blooming 


To learn more about using Sun Rubber Process Aids to get better physicals, 
lower costs, and easier processing, see your Sun representative. Or write 
for your copy of Sun’s latest Technical Bulletin describing any of the above 
products. Address SUN Ow, Company, Philadelphia 3, Pa., Dept. RC-4. 


INDUSTRIAL PRODUCTS DEPARTMENT 


SUN OIL COMPANY 


PHILADELPHIA 3, PA. 


IN CANADA: SUN OIL COMPANY, LTD., TORONTO AND MONTREAL 


IF YOU PROCESS USE 
| 
| 
— 
$ 
| 
| | 
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CARBON BLACKS 


jor RUBBER COMPOUNDING 


ISAF (iatermediate Super Abrasion Furnace) 
STATEX*125 


HAF (High Abrasion Furnace) 
STATEX-R 


MPC. (Medium Processing Chane!) 
STANDARD MICRONEX® 


EPC (Easy Processing Channel) 
MICRONEX W-6 


FF (Fine Furnace) 


STATEX-B 


FEF (Fast Extruding Furnace) 
STATEX-M 


HMF (High Modulus Furnace) 
STATEX-93 


SRF (Semi-Reinforcing Furnace) 
FURNEX®* 


COLUMBIAN COLLOIDS - 


COLUMBIAN CARBON COMPANY 
380 Madison Ave. New York 17, N.Y. 


RUBBER CHEMISTRY 
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Published Quarterly under the Auspices of the Division of Rubber Chemistry 
of the American Chemical Society, 
Prince and Lemon Streets, 
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H. W. Catt (The B. F. Goodrich Co., Akron). Terms end June 30, 1956. 

Meetings in 1956: April 6, June 15. 
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Chairman C. W. Wahl (Hewitt-Robins, Inc., Buffalo). Vice-Chairman 
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February 17, March 16, April 27. 


CONNECTICUT 


Chairman J. R. Boyle (The Armstrong Rubber Co., West Haven, 
Conn.). Vice-Chairman Harry Gordon (Bond Rubber Corp., Derby, 
Conn.). Secretary W. R. Bull (The B. F. Goodrich Co., Shelton, Conn.). 
Treasurer R. T. Zimmerman (R. T. Vanderbilt Co., East Norwalk, Conn.). 
Terms end December 31, 1956. Meetings in 1956: February 24, May 25, 
September 8, November 16, 
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Chairman H. W. Hoerauf (United States Rubber Co., Detroit). Vice- 
Chairman....H. F. Jacober (Baldwin Rubber Co., Pontiac). Treasurer 
W. F. Miller (Yale Rubber Mfg. Co., Detroit). Secretary EK. J. Kvet, Jr. 
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April 23, June 22, October 5, December 7. 
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Chairman... .J. L. Carlson (Paranite Wire and Cable Division, Marion, 
Ind.). ViceChairman....M. J. O’Connor (O’Connor and Co., Chicago). 
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Secretary-Treasurer J. G. Dixon, Jr. (Anaconda Wire and Cable Co., 
Marion). Terms end June 8, 1956. Meetings in 1956: April 12, June 8, 


September 27, December 6. 


Los ANGELES 


Chairman C.8. Hoglund (R. D. Abbot Co., Inc., Los Angeles). Associ- 
ate Chairman Roy Phelan (Atlas Sponge Rubber Co., Monrovia). Vice- 
Chairman A. H. Federico (C. P. Hall Co., Los Angeles). Treasurer.... 
8. R. Snyder (R. T. Vanderbilt Co., Los Angeles). Secretary....W.M. Ander- 
son (Gross Mfg. Co., Monrovia). Terms end December 31, 1956. Meetings 
in 1956: March 6, April 3, May 1. 


New York 


Chairman G. H. Provost (United States Rubber Co., Passaic, N. J.). 
Vice-Chairman H. J. Due (St. Joseph Lead Co., New York). Secretary 
M. bk. Lerner (Rubber Age, New York). Treasurer....R. E. McElroy (Har- 
wick Standard Chemical Co., Trenton). Terms end December 31, 1956. 


NORTHERN CALIFORNIA 


Chairman lL. M. Evans (Mansfield Tire & Rubber Co., Oakland). 
Vice'hairman R. T. Hickecox (Goodyear Tire & Rubber Co., Chemical 
Division, San Francisco). Secretary Ruth Hatch (Mansfield Tire & Rubber 
Co., Oakland). Treasurer W. H. Moore (Wharton Jackson Co., San 
Marino). Terms end December 31, 1956. Meetings in 1956: March 1, April 
12, May 10, June 14, September 13, October 11, November 8, December 7. 


PHILADELPHIA 


Chairman R. J. Salyerds (Harwick Standard Chemical Co., Trenton). 
'hairman J. R. Mills (Goodall Rubber Co., Trenton). Secretary- 
Treasurer R. A. Garrett (Armstrong Cork Co., Lancaster). Terms end 
January 25, 1957. Meetings in 1956: April 13, August 17, October 26, and 
ar 


January 25, 1957. 


Ruopet 


Chairman R. W. Szulik (Acushnet Process Co., New Bedford). Vice- 
Chairman Gilbert kK. Enser (Collyer Wire Co., Pawtucket). Secretary- 
Treasurer W. K. Priestley (United States Rubber Co., Bristol). Terms 
end November 1956. Meeting dates in 1956: April 5, June 7, November 8. 


SOUTHERN Onto 


Chairman J. R. Wall (Inland Manufacturing Division, General Motors 
Corp., Dayton). Vice-Chairman i. N. Cunningham (Precision Rubber 
Products Corp., Dayton). Secretary R. J. Hoskin (Inland Manufacturing 
Division, General Motors Corp., Dayton). Treasurer L. D. Neu (Premier 
Rubber Manufacturing Co., Dayton). Terms end December 31, 1956. Meet- 


ings in 1956: March &, June 2, October 25, December 15. 


WasHINGTON D. C. 


Chairman W. J. Sears (Rubber Manufacturers’ Association, Washing- 
ton). Vice-Chairman Kk. A. Bukzin (Bureau of Ships, Washington). 
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Secretary....W. B. Dunkle (Goodyear Tire and Rubber Co., Washington). 
Treasurer....Douglas Bonn (United States Rubber Co., Washington) 
Terms end October 1956. Meetings in 1956: February 15, March 21, April 18, 
May 16. 


FUTURE MEETINGS 


Meeting City Hotel Date 


1956 Spring Cleveland Cleveland May 16-18 
1956 Fall Atlantic City Chalfonte-Haddon Hall September 19-21 
1957 Spring* Montreal Sheraton-Mt. Royal May 15-17 
1957 Fall New York Commodore September 11-13 
1958 Spring Cincinnati Netherlands Plaza May 14-16 
1958 Fall Chicago Sherman September 10-12 
1959 Spring Buffalo Statler May 13-15 
1959 Fall Atlantic City September 16-18 


* Joint meeting with the Rubber Division of the Canadian Institute of Chemistry. 
** Hotel not yet assigned by the American Chemical Society. 


GEORGE OENSLAGER (1873-1956) 


George Oenslager was a member of a class of scientists that is gradually 
passing away, consisting of those rare folk who plan and perform on an indi- 
vidual rather than on a group basis. By training and performance George 
Oenslager was an individualist. He always wished to determine for himself 
exactly what the problem was, and how important it was to solve it. His solu- 
tion was usually along unconventional yet commercially profitable lines. 

But in spite of his individualism, he continually worked for his fellow men 
to raise moral standards, to improve working conditions, and to maintain the 
highest professional standards. 

He lived and worked in a period when the managements of the rubber com- 
panies felt that important developments must be maintained as trade secrets; 
hence there are few patents or publications to show his contributions to the 
industry. 

George Oenslager was born in Harrisburg, Pennsylvania on September 25, 
1873. He studied at Harvard under the great analyst and atomic weight 
scientist, T. W. Richards, and it was there that he developed his appreciation 
and technique for analytical chemistry. He always felt that accurate analysis 
was half the solution of a problem and perhaps for this reason he persisted 
throughout his life in doing his own analytical work rather than entrusting it to 
others. He received the A.B. degree in 1894, but had such confidence in the 
future of chemistry that he stayed on as an instructor for two years, during 
which time he earned his A.M. degree. 

From Harvard he went to Rumford, Maine, where he worked as a chemist 
in the paper factory of 8S. D. Warren and Company. When given the problem 
of improving the bleaching of paper, he concluded that the greatest immediate 
need was to find a cheap method for obtaining hypochlorite. The problem was 
one of shipping chlorine. Neither tank cars nor large pressure cylinders were 
available for this purpose at that time. In his typical practical manner he 
developed a method for preparing a highly concentrated, stable calcium hypo- 
chlorite solution and then, since he found that iron surfaces catalyzed the de- 
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composition of hypochlorite, he developed a coating which was applied to the 
interior of tank cars so the hypochlorite could be shipped without loss from its 
point of manufacture to the paper mill. 

Oenslager’s outlook on research and industry was profoundly influenced by 
a visit to the laboratories and factories of the I. G. Farbenindustrie in Germany 
at about the turn of the century. He often spoke of the importance of organized 
support for individual research. From a later visit in 1938 he returned con- 
vinced of the importance of developing a synthetic rubber industry in U.S.A. 

In May, 1905 George Oenslager came to Akron to work for the Diamond 
Rubber Company. Arthur H. Marks, factory manager of the company, who 
had devised a solvent process for removing the resin from low grade rubber, 
assigned to him the problem of finding the ingredient which enabled high grade 
Brazilian rubber to vuleanize so much more rapidly and to have higher tensile 
strength than that of African rubbers or extracted rubbers. Mr. Marks ex- 
pected the natural ingredient to be isolated and synthesized, Oenslager felt 
that a simpler way of tackling the problem would be to try the effect of adding 
small quantities of all sorts of chemicals to the extracted rubbers. He decided 
to start with inorganic compounds representative of each group of the periodic 
table. Charles Goodyear had previously found that litharge, magnesium oxide, 
and calcium oxide had accelerating activity, but none of these compounds was 
sufficiently active to effect the vulcanization of Marks’ extracted rubbers. 
Oenslager now found that mercuric iodide when added in small proportions 
speeded up the vulcanization of extracted rubber and imparted as high tensile 
strength as that of Brazilian rubber. Tires were made and tested. When first 
nade, they gave good performance, but the rubber perished so rapidly that the 
process was commercially valueless. 

Oenslager next felt that he must try representatives of each class of organic 
compounds. One of the first he tried in 1906 was aniline, as representative of 
amines. This he found to be an accelerator which also prevented perishing of 
the rubber. Again tires were made and tested. These gave excellent perform- 
ance and did not deteriorate appreciably under usual storage conditions. How- 
ever, aniline was dangerous because of its toxicity. He then discovered thio- 
carbanilide, a derivative of aniline, to be highly effective and much less poison- 
ous. Actually, aniline continued to be used in the rubber for coating the cords 
but thiocarbanilide was used in the treads. Oenslager developed the commer- 
cial process for making thiocarbanilide, and production was expanded until the 
plant was producing over 2,000,000 pounds per year. When at the beginning 
of World War I, aniline could no longer be purchased, he helped design the 
plant that was built for producing the aniline required. This was one of the 
first aniline plants to be established in the United States. 

Soon after his employment by the Diamond Rubber Company, George 
Oenslager introduced numerous improvements in the process for extracting 
resin from the low grade rubbers. Of particular importance was his method 


for recovering acetone vapors by scrubbing the air from the drier with water 


and then recovering the acetone by scrubbing with heavy hydrocarbon oil. 
This solvent recovery process was the forerunner of the process for extracting 
casing head gasoline from natural gas. 

In his early work George Oenslager found p-nitrosodimethylaniline to be a 
superior accelerator; however, rubber containing it stained everything vellow. 
David Spence, working independently at B. F. Goodrich, found that a modified 
derivative, namely p-aminodimethylaniline, had much less staining effect. 
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After the merger of Diamond Rubber Company with B. F. Goodrich in 1912, 
Oenslager developed a commercial method for producing p-aminodimethyl- 
aniline. This was incorporated into the rubber by soaking crude rubber sheets 
in an aqueous solution of the amine. After a period of drying and oxidation, 
this rubber had outstanding vuleanizing and aging characteristics. This was 
the famous No. 11 Rubber of the industry. 

When Oenslager heard of the work at Silvertown in England, he appreciated 
at once the importance of the British discovery of the use of carbon black in 
rubber compounds. He is credited with the development of the process of 
compounding large proportions of carbon black in tread stocks to improve 
abrasive resistance. 

In 1920, he went to Japan as technical advisor to the Yokohama Rubber 
Company, where he had an opportunity to try personally on a commercial 
scale many of his ideas on organic accelerators. There he also gained a high 
appreciation for Japanese culture and art. 

He returned to the U.S.A. by way of the East Indies, where he spent several 
months studying rubber production on the plantations. He worked intensively 
to reduce the variability of crude rubber. While he did not succeed, he found 
that a small amount of zine sulfate in the acetic acid used for the coagulation of 
latex gave a rubber which did not putrify during drying and shipment. 

On his return to Akron he resumed work in the research laboratories of the 
B. F. Goodrich Company, where he developed a process for safely removing 
solvent from cord or fabric which had been treated with rubber cement. The 
principle involved in the process was to keep the solvent concentration in the 
air above the upper explosive limit. 

Oenslager was much interested in the fact that vuleanized rubber articles 
can be converted to tough strong hydrochloride by treating them with a mixture 
of ethyl acetate and hydrogen chloride. He felt that by proper utilization of 
this and similar chemical information it might be possible to produce tires 
without the use of fabric. 

He maintained an interest in protective coatings and tank linings. He found 
that rubber reacts with sulfur dioxide in the presence of traces of oxygen to give 
a durable resistant coating. Further, by the use of ultra-accelerators it was 
possible to prepare a hard rubber compound that would cure in boiling water, 
provided that the surface was covered with a metal foil or impervious rubber 
stock to reduce leaching of the accelerator during cure. This compound was 
widely used in rubber linings designed for boiling water cure in the field. 

Oenslager continued to work on many ideas he had gained in Japan. He 
tried finishing rubber articles with the latex used by the Japanese for making 
their famous lacquer ware. He developed thermoplastic molds for plaster 
casting, composed of polyvinyl chloride, plasticizer, and Japan wax. 

All through his life he was in love with his profession, but it was not until 
1939 that he added another love and married Ruth Alderfer shortly before his 
retirement. 

He continued to work in a laboratory which he equipped in the basement of 
his home in Fairlawn. He also became interested in farming and dairying and 
purchased a farm in Sharon Center, where he had one of the best producing 
herds of Jerseys in Northern Ohio. 


Oenslager received the highest professional honors for his scientific contribu- 
tions. He was awarded the Perkins Medal in 1933 and the Charles Goodyear 
Medal in 1948. He was granted the honorary degree of Doctor of Science by 
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the University of Akron in 1939. He became a member of the American Chemi- 
cal Society in 1910 and of the American Institute of Chemica] Engineers in 
1916; he became a Fellow of the Institution of the Rubber Industry of Great 
britain in 1936. He also was chairman of the Akron Section of the American 
Chemical Society. 

Aside from his profession, Oenslager had a wide interest in business, charities, 
art, and travel. During his later years, he and Mrs. Oenslager traveled in 
Mexico, Guatemala, and South America, studying early Indian science and art. 
He made an outstanding collection of typical items of art, and took many 
colored photographs of the countries he visited. 

He and Mrs. Oenslager had a great appreciation of the culture and art of 
Spain, France, Italy, and Greece. In the winter of 1955-56 they planned 
another trip to the Mediterranean countries. While in New York visiting his 
friend, David Spence, he noticed some bronchial difficulty. He decided to 
proceed with the projected trip since he felt he would be as well off on shipboard 
as anywhere else. But complications developed, and he died on board ship 
February 5, 1956. 

His body was sealed in a lead-lined Portugese casket of inlaid wood and 
flown back to Akron. There his friends and professional associates laid to rest 
this pioneer of the rubber industry. 

W. L. Semon 
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Kecent Developments in the Chemistry of Rubber”, W. C Geer, Ind. Eng. Chem. 14, 373 (1922) 

“Pioneers in the Commercial Development of Rubber’, J. C. Lawrence, J. Chem. Education 7, 1788-1801 

Perkins Medal Award, “Accomplishments of the Medalist”, H. L. Trumbull, Ind Eng. Chem., 25, 230-232 
(1933 

“George Oenslager", G. Swart, lsotopica 11, No. 7, 22 (1935) 

“Ceorge Ocnslager’’, W. C, Geer, Ind. Eng. Chem. News Ed. 18. 535 536 (1940). 

‘This Chemical Age’, William Haynes, pp. 189-195, Alfred A Knopf, New York, 1942. 

“Ocnslager Is Goodyear Medalixt’’, Rubber Age 62, 435 (1948 

Bee also: “American Men of Science’, ‘Who's Who in America”. 


Publications by George Oenslager 
“Changes in the Rubber Industry during the Past Fifty Years”, Ind. Eng. Chem 18, 902-905 (1926) 
“Recent Developments in the Rubber Industry”, J. Chem. Education 9, 975-999 (1932) 
“Organic Accelerators’, The Perkins Address, Ind. Eng. Chem. 25, 232-237 (1933) ; Chem. & Ind., $2,91-95, 
(1933 
Patents by George Oenslager 
8. Patent 1,513,928, November 4, 1925. Recovering solvent from cord treated with rubber cement. 
Patent 1,841,205, January 12, 1922 Converting surface of rubber articles to hydrochloride 
Patent 1,925,879, September 56,1933. Treating rubber sheet or films with sulfur dioxide 
Patent 2,048,808, July 28,1936. Method for making a@ resilient gel of polyvinyl chloride for use as a 
mold for plaster castings 
Patent 367,305, January 19,1931. Method for producing ebonite by vuleanization of a rubber com- 
pound in boiling water 


NEW BOOKS AND OTHER PUBLICATIONS 


PRocEEDINGS OF THE RupperR TecunoLocy Conrerence: 1954. 
Edited by T. H. Messenger. Published by W. Heffer & Sons, Ltd.. Cambridge, 
England. Available in the United States from Rubber Age 101 W. 3ist St., 
New York 1, N. Y. 74) 9} in. 844 pp. $13.50.—The Third Rubber Tech- 
nology Conference, under the auspices of the Institution of the Rubber Indus- 
try, was held in London, June 22-25, 1954. Fifty papers were presented, all of 
which are in this volume. The conference maintained its international char- 
acter, 19 countries being represented and 784 members registering, an increase 


of 120 over the 1948 attendance. That the conference was a success is shown 
by the fact that, since its close, the Institution has decided to hold a Fourth 
Conference in 1959 and to give it the necessary financial support. 

In this Third Conference the study of fundamentals was notable. Molecu- 
lar structure, physical structure, high-polymer chemistry, the nature of chemi- 
cal reactions in rubber, and the nature of reinforcement figured prominently. 
The titles and authors are the following. 


Properties of natural-rubber latex: Microgel in Latex and Sheet Rubber, by 
R. Freeman; Improved Rubbers by the Enzymatic Deproteinization of Skim 
Latex, by J. kX. Morris; Stability of Ammoniated Latex and Soap-Stabilized 
Emulsions in the Presence of Complex Zinc Salts, hy T. 8. McRoberts; Vari- 
ability of Hevea Latex, by W. L. Resing; Zinc Oxide Testing of Latex, by bi. W. 
Madge, H. M. Collier, and J. L. M. Newnham; Hevea Latex: Its Structure and 
Viscosity, by G. Verhaar; Contribution to the Study of Mineral Elements in 
Field Latex, by IX. R. Beaufils; Rubber Peptized on the Plantation, by G. Giger, 
J. Lemee, and M. Liponski. 

Production and evaluation of synthetic rubber: Cation and Anion Influence in 
the Alfin Reagent for the Polymerization of Butadiene, by A. A. Morton, I. 
Nelidow, and bk. Schoenberg; Evaluation of Synthetic Rubbers and Latexes, 
by I. D. Patterson; Recent Studies on the Structure of Synthetic Rubber, by 
R. F. Dunbrook, B. L. Johnson, J. L. Binder, J. M. Willis, and EF. L. Carr; 
Rubbery Copolymers from Unsaturated Ketones, by W. Cooper, T. B. Bird, 
and KE. Catterall; Preparation and Properties of Condensation Block Copoly- 
mers, by D. H. Coffey and T. J. Meyrick ; Graft Polymers Derived from Natural 
Rubber, by G. F. Bloomfield, F. M. Merrett, F. J. Popham, and P. MeL. 
Swift; Oil Resistance of Synthetic Rubbers Over Very Long Periods of Time 
by B. Sarno; Structure and Solution Properties of High Molecular-Weight 
Butadiene-Styrene Copolymers, by R. 8. Maclarlane and L. A. MeLeod; 
Pyridinium High Polymers, by W. 3. Reynolds, J. kb. Pritchard, M. H. Opheim, 
and G. Kraus. 

Chemistry of rubber: Studies in Latex Particle Reactions : Kinetics of Hydro- 
chlorination of Unvulcanized and Vulcanized Latexes, by M. Giordon and J. 8. 
Taylor; Oxygen-Absorption Effects in Cured and Uncured Natural Rubber, 
by R. L. Stafford ; Infrared Spectroscopic Analysis of Elastomers, by W. H. T. 
Davison and G. R. Bates; Structural Characteristics of the Sulfur Linkage in 
Natural-Rubber Vulcanizates, by L. ©. Bateman, R. W. Glazebrook, C. G. 
Moore, and R. W. Saville; Chemical Reactions of Antioxidants Used in Vul- 
canized Rubber, by P. Schneider; Cross-Linking and Radiation Effects in Some 
Natural and Synthetic Rubbers, by A. Charlesby and D. Groves, 

Physics of rubber: Modification of the Permeability of Natural-Rubber Vul- 
canizates, by P. Thirion; Reinforcement and Tear Strength Anisotropy, by 
H. J. J. Janssen; Elasticity of Ideal and Real Rubberlike Materials, by H. M. 
James and k. Guth; Study of Rubberlike Polymers by Nuclear Magnetism, 
by B. A. Mrowea and bk. Guth; Natural-Rubber Compounds for Intermittent 
Low-Temperature Service, by W. P. Fletcher, A. N. Gent, and R. I. Wood: 
Theoretical Model for the Elastic Behavior of Filler-Reinforced Vulcanized 
Rubbers, by L. Mullins and N. R. Tobin; Nonlinearity in the Dynamic Proper- 
ties of Rubber, by A. Rh. Payne. 

Developments in testing methods: Tear-Down Adhesion Testing, by 3 
Pickup; “Constant-Power Principle in Abrasion Testing, by l). I’. Powell and 
S. W. Gough; Changes of Electrical Resistance of Rubbers Loaded with Carbon 


Black, by 1). G. Marshall; Tire-Cord Fatigue and Fatigue Testing, by R. 8. 
Goy; Pneumatic Tire Testing, by J. I. 8. Williams and R. G. Clifton; Fast 
Easy Test for Measuring Relative State of Cure, by L. R. Sperberg. 

Compounding: theory and practice: Nature of Chemisorptive Mechanisms in 
Rubber Reinforcement, by V. A. Garten and G. K. Sutherland: Interaction of 
Rubber and Fillers During Cold Milling, by W. F. Watson; Role of Intermediate 
Level Carbon Blacks in Rubber, by I. Drogin; Role of Particle Diameter and 
Linkage Formation in Rubber Reinforcement, by A. F. Blanchard; Lignin as a 
Compouding Ingredient for Natural Rubber, by I. Sagajllo; Mooney Viscosity 
of Carbon Black-Rubber Mixtures, by M. Studebaker; Oil Extension of Natural 
Rubber, by G. J. van Amerongen and H. C. J. de Decker; Behavior of Highly- 
Filled Rubber Vulcanizates, by K. C. Gryant and D. C. Bissett ; Rubber Rein- 
forcement by Resins Formed in Latex, by J. van Alphen. 

Miscellaneous technology: Abraded Filament Tire Cord, by E. R. Gardner, 
A. lk. Herbert, and W. C. Wake; Effect of Heat Setting on the Physical Prop- 
erties of Terylene Polyester Fiber, by I). N. Marvin and T. J. Meyrick ; Time- 
Dependent Effects in Tire Cords, by J. O. Wood and W. F. Kilby; Wave Phe- 
nomena in Tires at High Speed, by 1). M. Turner; Tread Wear and Fuel Con- 
sumption of Tires, by H. C. J. de Decker, R. Houwink, and G. J. van Ameron- 
gen. 

The volume includes author and subject indexes and reference to various 
social functions. Exhibits at the conference are classified and arranged in 
twelve groups. The organizations responsible for the development and manu- 
facture of the instruments are indicated. Where instruments have been de- 
scribed in patents or in the literature, some references are given. [From the 
Rubber Age of New York. ] 


CLASSES AND Properties or CompounpDING Mareriats ror Use 
kLasromens. By I, Drogin. United Carbon Co., Inc., Charleston 27, West 
Va. $8} Ilin. 48 pp.—This is a reprint of a lecture by Dr. Drogin at the 
New York Rubber Group’s Elastomer Technology Course. It classifies the 
more important available compounding materials and describes their properties 
and functions. Using tables to group the materials, the author discusses the 
composition of a rubber compound relative to the selection of elastomer, pep- 
tizer, vulcanizing agent, accelerator, filler, and plasticizer. The many grades 
of carbon blacks are grouped under 16 types according to particle fineness, 
electrical conductivity, processing, and extrusion, and reinforcement as exem- 
plified by stress-strain and resistance to abrasion. In addition, the author also 
discusses organic nonblack reinforcing materials, organic loading materials, 
extenders, diluents, softeners, processing aids, plasticizers, protective materials, 
and miscellaneous groups of compounding materials. [From the Rubber Age 


of New York. ] 


Some Aspects or THE CrysTaLLizaTion oF High Potymers. By G. 
Schuur, Member of the Staff of the Rubber-Stichting. Rubber-Stichting, 
Oostsingel 178, Delft, The Netherlands. 1955. S2pp. 15.5 24cm. Price, 
Five Dutch florins.-This short book (82 pages) is essentially a review of cer- 
tain aspects of crystallization phenomena in high polymeric systems. The 
five chapters are concerned with: a general introduction; formation, structure, 
and melting of spherulites; mechanism of crystallization; continuity of the 
erystal lattice, particularly in oriented and stretched polymers ; rate phenomena 


xii 


and the melting range. The author refers frequently to papers published up to 
and including 1954, making this booklet up to date. 

In addition to a discussion of the published work on those topics selected, 
this book contains an appreciable amount of original material by the author. 
It is well organized and written. This reviewer was particularly taken by the 
beautiful microphotographs of spherulites taken with polarized light. The 
diagrams showing the growth of these spherulites are unusually clear. 

This book is recommended to the attention of those interested in the crystal 
properties of high polymers. It is not at all complete, since the author addressed 
himself only to “some aspects’’, particularly those dealing with natural-rubber 
systems. For example, there is no detailed discussion of the excellent recent 
work on crystalline high polymers. Therefore, within the limits which the 
author has set for himself, he has done an excellent job. [From the Journal of 
the American Chemical Society. ] 


Rupser Rep Book. 1955-56 Edition. Rubber Age, New York, N. Y. 
Cloth cover, 6 * 9 inches, 1249 pages. Price, $10.This tenth edition of the 
Red Book supplies data on 1410 rubber manufacturers in the United States and 
Canada, giving concise information on executive personnel and types of products 
manufactured. Sections listing manufacturers of equipment, accessories, 
compounding materials, textiles, among others, are, as usual, included. Special 
sections are devoted to natural, synthetic, reclaimed, scrap, and latex rubber. 
The “Who’s Who” is again a valuable feature. Other sections include informa- 
tion on sales and export agents, educational courses planned or being given, 
trade and technical organizations, and technical journals. [From the Rubber 


World. } 


ProGcress Report oN THE Cooperative Hevea Rusper 
ProGramMin Lavin AMenica. By R. D. Rands and LorenG. Polhamus. (Cir- 
cular No. 976). U.S. Department of Agriculture, Washington, D. C. 6 x 9 
in. 84 pp. 35c. (Prints available from the Superintendent of Documents, 
U. S. Government Printing Office, Washington 25, D. C.)—This circular 
presents a 14-year summary of major activities and results from the cooperative 
research and development program designed to establish a rubber-producing 
industry in nine Latin-American republics Bolivia, Brazil, Colombia, Costa 
Rica, Dominican Republic, Guatemala, Haiti, Mexico, and Peru. The United 
States objective is to create a “living” stockpile within the U. 8. defense zone 
that may eventually reduce or eliminate the government's costly strategic stock- 
pile of Far Eastern rubber stored within the country. Latin American ob- 
jectives, according to the circular, are principally (1) self-sufficiency of rubber 
for internal consumption, and (2) to grow rubber as a cash crop on the unde- 
veloped lowlands by colonists and settlers from the overcrowded highlands. 
The United States Department of Agriculture participation has consisted in 
the establishment and maintenance of regional field stations in Costa Rica, 
Guatemala, and Haiti, respectively, for basic research, breeding, and disease 
resistance testing, and assignment of specialists and experienced development 
advisers to cooperate with local scientists in the other six countries. [From the 
Rubber Age of New York. ] 


Pritr-, Mess-, unp 1954. Edited and com- 
piled by Hans Hadert. First Edition. Published by Hadert-Lexikon-Verlag, 
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Martin Luther Strasse 88, Berlin W. 30, Germany. Board covers, 8} x 6 
inches, 750 pages. Price D. M. 38.00, plus postage and packing.— Numerous 
inquiries over a long period of years, the editor says in his foreword, revealed 
that even in large factories there was often complete ignorance about many 
serviceable testing, measuring, and checking instruments. At the same time 
came frequent requests for a reference book giving helpful information about 
types of devices required to solve specific manufacturing problems. Since no 
such work has hitherto been available, either in Germany or abroad, Hadert 
undertook to fill this lack, and now presents the 1954 lexicon of testing, measur- 
ing, and recording instruments, the first of its kind, it is claimed. 

In 96 sections, including several hundred illustrations, all kinds of modern 
German and foreign devices for the most varied purposes are described, and 
many of the chapters have bibliographies that should prove valuable to those 
wishing to go deeper into the problems. Rubber and plastics manufacturers 
will find devices for checking, determining or testing redox values, elasticity, 
porosity, melting, softening and flow points, abrasion, aging, flash and ignition 
points, effects of climate, dimensional stability, permeability, also x-ray, ultra- 
sonic, dialysis, and ultrafiltration equipment. [From the Rubber World.] 


INSTRUMENTS FOR MEASUREMENT AND ControL. Werner G. Holzbock. 
Reinhold Publishing Corp., 430 Park Ave., New York 22, N. Y. Cloth, 6 « 9 
inches, 376 pages. Price, $10.00..-This book describes and illustrates all the 
more recent devices to measure and control temperature, moisture, pressure, 
flow, liquid level, density, viscosity, and speed. Written in non-mathematical 
language, it is intended as a reference work on instrumentation and quality 
control. 

Kight chapters are devoted to the instruments mentioned above; other 
chapters cover material specification analysis, automatic controller action, 
electric controllers, self-operated controllers, time function controllers, and final- 
control elements. A special chapter discusses the development of centralized 
systems, miniaturization, and digital computers. 

Schematic reproductions of all types of instruments are included. 

Technicians not directly concerned with instrumentation should find this 
book useful as a review of physical elements. [From the Rubber World.] 


ABRASION OF BUTYL RUBBER * 
R. L. Zapp 


Cuemicat Researcu Division, Esso Reseancn & Enatnernina Co., 
Linpen, New Jensey 


In relation to the vast quantity of literature on the physical properties of 
rubberlike materials, the amount of published work on the abrasion of rubber 
is quite small. This situation is surprising in view of the fact that abrasion 
resistance is of prime importance to the large volume use of rubber. Perhaps 
it is because so much of the work in this field has been directed toward the pre- 
diction of service wear rather than an understanding of the factors involved in 
the abrasion of highly elastic materials. The consensus of most of the work in 
abrasion has been that laboratory tests at best are only a rough indication of 
how a rubber vulcanizate will perform in service. Service wear tests provided 
the final answer. 

It is possible that too much was expected of laboratory abrasion tests before 
rubber abrasion was understood. It was felt at the inception of this present 
study with Butyl rubber that a further understanding of the factors involved in 
abrasion would eventually aid in obtaining better road wear correlation. Thus 
the two purposes of understanding abrasion and predicting service wear would 
be welded into a single objective. A better understanding of abrasion could 
also aid the development of a tire from a new polymer such as Butyl. It would 
direct the molecular and compounding changes necessary for improved wear 
resistance 


THE LAMBOURN ABRADER 


To start our study of abrasion, the Lambourn abrader was selected as the 
laboratory instrument. Developed at Dunlop Tire & Rubber Co. in England, 
it has not been widely used in this country. Two recent articles! are among the 
few publications of abrasion studies made with this machine 

This type of abrader was selected because variations of velocity of slip and 
braking force can be made. An indication of braking force is important. It 
was pointed out more than 25 years ago by Williams’ that work done on the 
sample should be related to volume loss of rubber. This relation, of course, 
would be valid at a given velocity of slip. 


DESCRIPTION OF THE ABRADER 


The Lambourn abrader simulates the rolling deformation of a rear wheel 
under load. In this case a small disk of rubber is driven against an abrasive 
wheel. A variable-speed electric motor drives the sample wheel at a preseribed 
rpm, and it in turn rotates the abrasive wheel. Attached to the shaft of the 
abrasive wheel is a metal disk which operates in a variable magnetic field and 
thus supplies a variable degree of resistance to rotation. This varying degree 

* Reprinted from the Rubber World, Vol. 133, No. 1, pages 50-68 and 76-77, October 1955. This paper 
was presented before the Akron Polymer Leeture Group, Akron, Ohio, November 5, 1954, and before the 


Division of Rubber Chemistry of the American Chemical Society at its meeting in Detroit, Michigan, May 
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of resistance causes a change in the degree or velocity of slip between the sample 
wheel and the abrasive wheel. 

A schematic sketch in Figure 1 shows the rudiments of the machine. The 
degree of slip is positively determined by two revolution counters attached to 
the sample wheel and the abrasive wheel shafts. The tachometers serve as a 
guide so that slip may be controlled during the course of the experiment. With 
the rubber disk rotating at a prescribed 600 rpm, various abrasive wheel speeds 
can be controlled by the current to the magnetic brake, producing the different 
degrees of slip. Slip ean be varied from 5 per cent to about a maximum of 40 
per cent, depending on the amount of electrical current supplied to the coils of 
the brake. The variations in current requirement are recorded on a chart so 
that an average for the entire run can be calculated. Since the apparatus is 
supplied with a constant d.c. voltage, amperage measurements are directly 
related to power or electrical energy supplied to the brake. 

Based on the relative dimensions of a sample wheel and a regular tire tread, 
a seven-pound load on the sample would produce about the same unit area load 
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AMMLTER — 
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Fig. 1.—Schematic drawing of Lambourn abrader 


as that borne by a commercial tire. A standard-size tire and wheel revolve in 
the neighborhood of 600 rpm at 60 miles per hour. Although these conditions 
have been varied during the laboratory study of abrasion, a 600-rpm sample 
speed and seven-pound load have been designated as standard. 


rYPE OF DATA OBTAINED 


Under the standard conditions of wheel load and sample speed, variations 
of the amount of slip are obtained by changing the electric current of the mag- 
netic brake. The effect of this change on the abrasion of a Butyl-channel black 
tread is shown in Figure 2. Plotted on reetangular coordinates, one curve 
(solid line) relates the degree of slip to the abrasion loss, and the other curve 
(broken line) shows the braking force, in terms of amperes to the brake, re- 
quired for a given degree of slip. 

Figure 2 graphically shows how sensitive is abrasion loss to the degree of slip, 
and thus it is not surprising how conditions of driving will greatly alter tire life 
on the road, The curve appears exponential in character. The reading of 
current to the magnetic brake, at constant d.c. voltage, will be that fraction of 
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Abrasion loss and amperes of the brake va. % s«liy Solid line, 
ec./km. Broken line, amperes 


the original energy input at the motor after mechanical friction and heat build- 
up in the rubber have been substracted. As such, then, it will be a measure of 
the resistance to slippage between the abrasive wheel and the rubber surface, 
This resistance is made up of interfacial tension and the energy of abrasion. 
Since sliding friction is always accompanied by some degree of abrasion’, the 
resistance, in this instance, will be considered frictional under severe conditions 
of abrasion. 

Support for this combination of factors, as applied to rubber abrasion, is 
found in the classical observations on sliding friction’. These experiments have 
shown that the sliding friction between two surfaces is related to the logarithm 
of the velocity of slip. Since the sample wheel is running at constant speed, 
an increase in the percentage slip is the same as an increase of the velocity of 
slip. On this basis, then, a measure of the electrical current requirements for a 
given degree of slip is an indication of friction, as shown in Figure 3 

The exponential character of the relation of degree of slip and abrasion loss 
is displayed also in Figure 4 where the variables form a linear plot on logarithmic 
coordinates. The slope of the line is approximately four; in faet, a large num- 
ber of plots during the course of this study yielded slopes between about 3.7 
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Fig. 3.—Amperes ve. % slip may also be termed friction vs. velocity of slippage. 
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and 4.3. It has, therefore, been stated in a generalized form that the abrasion 
loas is related to the fourth power of the degree of slip. Abrasion experiments 
conducted at a given slip, wherein small experimental variations occur, have 
been corrected to the exact degree of slip on this basis. 

A cross plot of the data of Figure 2 relates abrasion loss as a function of the 
electrical current to the brake. The points are best fitted by a semilogarithmic 
plot. Why abrasion loss should increase so drastically with either degree of slip 
or electrical current to the brake is unexplained at this time. One could postu- 
late on the basis of rate of energy input that abrasion loss should be directly 
related to velocity of slippage. Although insufficient data are available, the 
effect might be attributed to a surface temperature increase as velocity of slip is 
increased. Thus abrasion loss would appear as an accelerating function of 
degree of slip. 
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Fic. 4.--Relation of abrasion loss to slip and braking force. 


THE ABRASION OF GR-8S AND BUTYL TREAD COMPOUNDS 


When abrasion experiments were first conducted with different types of 
rubbers, relations between degree of slip and abrasion loss were frequently not 
the same. In Figure 5 the behaviors of a Buty! tread and a GR-S tread are 
shown. Each tread contains 50 parts, per 100 of rubber, of an MPC channel 
black. The GR-S compound is vuleanized with 1.7 parts of sulfur and one part 
of Santocure® in a conventional formulation. The striking feature of this 
logarithmic plot is the crossing of the lines. For these two compounds this 
figure indicates that the Butyl tread is superior at lower degrees of slip, and the 
GR-S tread at higher degrees of slip. Such a behavior could be explained on 
the grounds that Butyl has a slower relaxation time than GR-S and conse- 
quently does not adjust to higher velocities of deformation as well as GR-S. 
Thus at a slower degree or velocity of slip the Butyl molecules have more time 
to orient under surface deformation and thus present a greater resistance to 
rupture. 

An important part of this abrasion analysis is the lower curves relating de- 
gree of slip to electrical input to the magnetic brake. The relative position of 
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Fie. 5.--Slip vs. abrasion loss for GR-8 type and GR-I (now Enjay Butyl) treads 


the two curves indicates that, to obtain a given slip, more braking force must be 
supplied to the Butyl compound. If abrasion loss is then based on the loss per 
kilometer per ampere to the brake, the plot of abrasion loss vs. slip would be 
lowered for Butyl! in relation to the GR-S tread. Further, if abrasion loss is 
determined as a function of electrical energy to the brake (regardless of the 
degree of slip), Butyl would be everywhere superior to the GR-S. 

Figure 6 presents this fact pictorially at a constant current input of 0.76 
ampere. The wheel on the right, a Butyl tread, is smoother, has operated at 
less slip, and has shown far less abrasive wear under these conditions than the 
GR-S. Ata constant slip of 19.3 per cent, however, where the amperage to the 


Fis. 6.-—Abrasion of GR-S type and GR-I (now Enjay Buty!) at constant input of electrical current 
to the Lambourn abrader magnetic brake. Left: standardg#GR-5 (MPC black), 0.76 amp. to brake, 24.8% 
slip, 0.67-g. loss/km. Hight: GR-I-18 (MPC black), 0.76 amp. to brake, 19.3% slip, 0.28. lone/km 
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Fie. 7.—Abrasion of GR-8 type and GR-I (now Enjay Butyl) tread compounds at varying % 
slip on Lambourn abrader. 


brake is different, the GR-S compound is slightly superior to this Butyl tread. 
It has been suggested that this somewhat greater friction for Butyl treads is 
responsible for the quieter running quality of Butyl experimental tires. 

This observation embracing the change of relative abrasion resistance 
with degree of slip has been observed in later studies. Figure 7 shows two cold 
rubber GR-S treads, one with a fine SAF carbon, compared to a well-prepared 
Butyl-channel black tread. Again the line defining the function of slip and 
abrasion logs crosses the lines for the two GR-S treads. An analogous observa- 
tion, which presents two greatly different relative behaviors, can be made be- 
tween the abrasion of rubber and a metal. 


ABRASION OF BTEEL AND RUBBER 


An interesting example of abrasion differences of materials is given by such 
two extremes as rubber and steel. A steel wheel the same size as the rubber 
wheels was run on the Lambourn abrader and compared to a GR-I-17 (Enjay 
Butyl 217) tread compound. The data are presented in Table 1. 

Referring to the volume loss per kilometer, the steel wheel has about one- 
half the loss of the rubber at 20 per cent slip, but three times the loss at 7 per 
cent slip. In a graph the trend would appear as shown on the left in Figure 8. 
At high percentage slip, steel is superior to rubber; at low percentage slip the 


TaBLe 1 
Braking = loss 
Material Force % Slip f ce. /km ec. /km./amp 
(amp ) 
Steel 0.56 20.5 ; 0.19 0.34 
GR-I tread* 0.84 20.1 “a 0.32 0.38 


Steel 0.27 0.03 0.11 
GR-I tread* 0.50 ! 0.011 0.01 0.02 


* Enjay Butyl. 
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reverse is true. In addition, the traction or coefficient of friction of rubber 
against abrasives is greater. Observing the electrical braking forces in the 
table, it is evident how much more current is required to obtain a given degree 
of slip for rubber, compared to steel. When braking force is taken into con- 
sideration, as shown on the right side of Figure 8, the cross-over point advances 
to high degrees of slip. Here abrasion loss per kilometer is adjusted to the same 
braking energy input, and the rubber tread appears to be even more superior to 
steel at low degrees or velocities of slip. 

These facts illustrate why rubber has often been characterized as more 
resistant to abrasion than steel. For applications such as conveyor belts, coal 
chutes, ete., this superior abrasion resistance of rubber has been found through 
experience to be the case. However, if one were to grind a piece of rubber 
against an abrasive as an axe is ground, the reverse would surely be true. This 
latter condition is one of 100 per cent slip where steel is much superior to rubber. 
Because of the greater frictional surface of rubber belts and chutes, coal, ore, or 
rock particles roll and tumble along the rubber surface aided by the high elastic 
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Fie. 8.—Abrasion of GR-I (now Enjay Butyl) compared to steel on Lambourn abrader 


nature of the rubber. This would be a condition of low slip where rubber is 
superior. On the other hand, rocks, ore, or coal on a metal chute would slide 
and scrape instead of rolling or tumbling, a condition of high slip resulting in 
higher abrasion loss, even for steel, since the absolute trend of abrasion in- 
creases with increasing velocity of slip for all materials. 


PRECISION OF THE MEASUREMENTS 


A discussion of the Lambourn abrader would not be complete unless some 
reference was made to the precision of the abrasion measurements. In general, 
repetitive runs, after corrections for degree of slip and braking force are made, 
showed a coefficient of variation of only 4.5 per cent. To illustrate this degree 
of precision, a sample table of six runs on the sample Buty! compound is given 
in Table 2. 

Columns 2, 3, and 4 represent the recorded data. As corrections are made 
to the exact degree of slip in column 5, the standard deviation is reduced. The 
further refinement of column 6 adjusts the values for variations of ‘frictional 
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TaBLe 2 
PRECISION OF ABRASION MEASUREMENTS 


Butyl rubber 
channel black ec. /km. 
tread Cor. to ec./kin./amp. 
compound Amp. % Slip ec./km, 19% slip 19% slip 
A 0.71 19.1 0.219 0.215 0.302 
B 0.70 19.0 0.201 0.201 0.288 
c 067 188 0.168 0.175 0.264 
D 0.71 19.2 0.212 0.203 0.288 
hk 0.69 19.0 0.192 0.192 0.278 
F 0.71 15.9 0.206 0.210 0.296 
Mean 0.200 0.199 0.286 
Std. Dev. 0.018 0.014 
Coefficient 
of variation 9.0 7.0 4.5 


factors with a further decrease of the standard deviation and coefficient of 
variation a8 a consequence. 


CONDITIONS OF ABRASION 


Before a more penetrating study of abrasion could be conducted, a certain 
amount of orientation as to proper conditions of abrasion was deemed necessary. 
During this orientation phase of the study, a definite anomaly was brought out 
between laboratory test and road wear test. In the laboratory tests with 
smooth surfaced wheels, a harder vulcanized compound made from a higher 
carbon black loading appeared slightly superior to one with lower loading of 


carbon black 

In controlled road tests on Butyl treads, the opposite was observed ; in road 
tests the softer, lower loadings of carbon black were superior. Conditions of 
abrasion were undoubtedly different, but the tread surfaces were also different. 


9.—-Bample wheel with four circumferential ribs for Lambourn abrader, 
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The actual tire had a tread pattern, and the sample wheel a smooth surface. 
When studies were made with a sample tread pattern on the sample wheel, 
unexpected observations were made. 


EFFECT OF A TREAD PATTERN 


A tread pattern introduces mechanical softness to the rubber surface. Each 
rib or other incremental surface shape may move independently of areas ad- 
jacent to it during the time the surface is in contact with the road. It is con- 
ceivable, therefore, that different slip conditions could exist and relative abra- 
sive wear be altered. 

To make observations of the effect of a tread pattern as laboratory abrasion, 
a sample wheel was molded with four circumferential ribs. This is shown in 
Figure 9. The dimensions of the wheel are 1] inches in diameter, } inch thick, 
and the cross-section of the ribs are ¢; by 7 inch deep. 
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kia, 10.—Effect of tread pattern on abrasion of Butyl compounds with two 
different carbon black loadings. 


In Figure 10, abrasion losses are compared with a smooth wheel surface and 
a tread pattern, using a compound possessing 60 parts of channel black and one 
containing 40 parts. These abrasion losses in cc. per kilometer are compared as 
a function of slip for smooth treads on the left and for tread patterns on the 
right. The reversal of the relative positions is evident at once. In common 
with road wear results, laboratory abrasion losses are lower with the softer 
material when a tread pattern is used. A 50-part channel black compound 
would appear in an intermediate position. Braking force requirements are 
greater for the harder material in both cases, but this condition does not affect 
their relative positions. 

Even stranger than this reversal of positions is the comparison of the 
absolute abrasion loss when a tread pattern and smooth surface are compared 
with the same compound. Such a comparison is made in Figure 11. This 
figure plots absolute volume loss as a function of slip. The tread pattern dis- 
plays lower loss at all points in spite of the fact that actually less rubber is in 
contact with abrasive surface. Although not shown graphically, with very 
hard compounds of more than 60 parts of channel! black, the advantage of the 
tread pattern disappears. It has been stated in a tire design publication® that 
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hia. 11.--Comparison of tread pattern vs. smooth surface for the same Buty! tread compound. 


a tread pattern is only used to obtain non-skid qualities, especially in wet 
weather. A tread pattern on an actual tire has been considered to be actually 
inferior to a smooth tire on the basis of road wear. These laboratory tests 
predict the opposite trend. 


EFFECT OF WHEEL LOAD 


It was indicated earlier in the discussion that a sample wheel load of seven 
pounds was equivalent to the unit area load of a regular tire tread. In a study 
of the effect of wheel load on abrasion a relation other than linear was observed. 
In these experiments observations were made with three Butyl treads of varying 
hardness. These were made from a 60, 50, and 40 parts of MPC channel black 
per 100 parts of Butyl. 

Figure 12 gives the results of that study in two graphs. The lower portion 
presents abrasion loss at one degree of slip as a function of wheel load. In 
common with the results discussed on the effect of tread pattern, the softer 
tread made with 40 parte of carbon appears to an advantage at all wheel loads. 
An abrupt increase is noted above seven pounds, giving the curves an 8 shaped 
appearance, This irregularity appears in face of the essentially linear nature 
of the frietional curves in the upper portion. Here braking force requirements 
rise regularly with wheel load, and at all loads the harder compound requires 
more electrical energy. 
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WHEEL LOAD IN POUNDS 
Via. 12.—Effeet of variations in wheel load on abrasion loss and braking force. 
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A combination of these two plots, wherein braking force is accounted for in 
the overall abrasion losses, brings out two interesting points, a8 shown in Figure 
13. When abrasion loss is determined as volume loss per kilometer per ampere 
to the brake, the 8 shape of the curves becomes more pronounced. At the 
lower end of the load scale, the loss so calculated turns upward. In a practical 
sense this result can be interpreted as follows. If the load on a wheel is de- 
creased while the same braking force is maintained, abrasion losses will increase 
because slippage will occur more readily. At the higher end of the wheel load 
scale, the convergence of the curves for the various compound hardnesses is 
more apparent. Thus if road tests are conducted under conditions of extreme 
overload, differences in mileage life or abrasion loss would tend to be made 
obscure. 


26 


AMP 
Nn 


20r 
Ps PTS MPC 
ir oO 50 
4 i | 
4 6 4 10 2 


WHEEL LOAD IN POUNDS 


Fig, 13. Effect of variations in wheel load on abrasion in ce./km./amp. 


ABRASION AND AMBIENT TEMPERATURE 


The effects of climatic temperatures have often been cited as reasons for 
changes in relative tire wear performance. Laboratory abrasion tests support 
this possibility. The Lambourn abrader had originally been equipped with a 
transparent plastic case which had a wide slot to accommodate the abrasive 
wheel. Light flexible air hose was connected to the plastic case so that air at 
controlled temperature could be cireulated around the sample wheel. The 
temperature range of —20 to 4+50° C could be obtained. 

In Figure 14 the results of this experiment are presented for four different 
Butyl tread compounds. Curves | and 2 represent 50 parts of MPC channel 
black. No. 1 has no hydrocarbon oil plasticizer, and No. 2 has 15 parts per 100 
of polymer. Curves 3 and 4 are furnace black counter-parts. No. | has 50 
parts of an SAF carbon and no oil plasticizer; while No. 2 has 15 parte of a 
hydrocarbon oil. It is strikingly evident that the presence of oil makes the 
abrasion resistance of the tread compound more sensitive to the surrounding 
temperature. This point is evident with either MPC or SAF carbon, regard- 
less of the absolute position of the curves. 

In the case of the channel black, the oil-extended tread appears poorer at 
high temperatures and superior at lower temperatures when compared to the 
tread with no plasticizer. As will be discussed later, this effect probably de- 
pends on the change of elastic qualities in combination with rupture strengths 
of the different compounds. Such a combination of factors could also explain 
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Fig. 14.Relation between temperature and abrasion loss for Buty! treads, 


the fact that the curves tend to rise as ambient temperature descends below 
freezing. In much the same manner, but to a much smaller extent, the 
abrasion of GR-S and natural rubber treads appears to be somewhat less sensi- 
tive to ambient temperature than comparable Butyl compounds. 


CONCEPT OF THE ABRASION OF RUBBER 


A new approach to the subject of abrasion was introduced by Schallamach’ 
when he studied the abrasion of rubber by a needle. The needle was attached 
to a ring dynamometer which measured the thrust required to embed the needle 
in a revolving cylinder of rubber. The deflection of the needle indicated the 
tractive force or friction. Figure 15 gives a schematic sketch of the needle 
and the revolving rubber surface with the gouged portion of rubber ahead of the 
point of contact. 

In the study of the needle abrasion of gum vulcanizates of natural rubber, 
it was observed that the tractive force decreased slightly with increasing state 
of cure or cross-linking, while the amount of rubber ripped off increased mark- 
edly. It would appear from these observations that the rupture strength of 
the rubber was decreasing rapidly with overvulecanization, as would be expected. 
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Fic. 15.—Schematic sketch of Schallamach needle abrader 
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With compounds containing carbon black, tractive forces increased, but the 
higher modulus of the material produced gouged patterns of higher frequency. 
The increased rupture energy of the reinforced rubber, however, reduced the 
amount of ripping. 

These patterns suggest that the abrasion by the Schallamach needle involves 
friction and rupture resistance. If the friction between the small roll of gouged 
rubber and the needle were sufficient and the compound strength low enough, 
a chunk of rubber would be ripped from the surface. Extensibility of the rub- 
ber would also be important, since the amount of work required to rupture the 
rubber would depend on extension. The abrasion of the rubber compound can 
then be postulated to be a function of the intersurface friction and the resistance 
to rupture. 
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Vic. 16.—Rupture energy of typical GR-8 (cold or LTP type) and GR-I 
(now Enjay Butyl) treads, 


DEVELOPMENT FROM SCHALLAMACH 


During our first experiments with Butyl rubber abrasion and also with tire 
wear, it was puzzling that Butyl should give as great as, and sometimes greater 
resistance to abrasion than, a compounded, 41° F GR-8. The GR-S compound 
would always have a greater energy of rupture than the best GR-I compound 
that could be made. This point is illustrated in Figure 16, where the energy or 
work of rupture is depicted by the area under the stress-strain curves. A repre- 
sentative GR-S compound has a rupture energy expressed in joules per square 
centimeter or almost twice as reasonably good Butyl tread compound. By this 
criterion, then, Butyl should rupture or abrade to a greater extent than GR-S. 
Our experience does not confirm this supposition. To resolve this anomaly, the 
property of dynamic softness must be introduced into the Schallamach con- 
cept, which has been extended to a rough surface in Figure 17. 

The rough surface can be likened to an area filled with needle points. In 
part A of Figure 17 a dynamically hard rubber is pietured. This material will 
tend to ride on the points of roughness so that load per unit contact area is high. 
Gouging then would be facilitated. 

In part B a dynamically softer rubber is depicted conforming more to the 
surface roughness. Load per unit contact area is decreased. The more pliable 
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Fig. 17.—Extension of Schallamach concept to rough surface 


rubber would have less tendency to be gouged, provided rupture resistance is 
not impaired 
The abrasion of rubber then will be related to function of surface friction, 
strength of the material, and degree of dynamic hardness. These variables 
have been set up in the following empirical equation: 
Dynamic modulus 


Abrasion lose = friction 
strength 


Strength = Area under stress-strain curve which is the rupture 
energy, 2, in joules. 

Dynamic Modulus = K, dynes/em.?—determined under forced vibration- 
10% extension and 16 cycles per second. 

Friction = is related to electrical energy to the magnetic brake of 
the abrader. This is given in amperes since a constant 
d.c. voltage is used. 


The equation then becomes: 


Abrasion loss/amp. 
Ce/km/amp. 
Where ¢ is « proportionality constant. 


In simple terms, then, this concept states that what is needed for best abra- 
sion resistance is a soft yet tough material. 


COMPOUND PROPERTIES AND ABRASION 


The above concept is the route by which improvements in abrasion of 
Butyl compounds have been sought. As will be pointed out in the following 
section, mixing procedure, compounding ingredients, and state of vuleanization 


TABLE 3 


Rupture Abrasion loss 
Dyn. mod energy (ce. /km./amp 
Compound (dynes /em.*) (joules) K/R*« 18% slip) 
Control Mix 
GR-1I-17,* MPC 6.0 x 10' 131 
Channel Black 
Heat Treat Mix 
GR-I-17* MPC 5.1 & 10° 130 
Channel Black 
GR-8, Tread 7.7 180) 


* Enjay Buty! 217. 
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affect the ratio of K/R, and thus the resistance to abrasion. It must be ad- 
mitted at this point that the physical properties of the compounds were deter- 
mined at rates of deformation different from those encountered in the high- 
speed operation of a tire tread. The rupture was determined at extension rates 
of 20 inches per minute and dynamic modulus at 16 cycles per second. These 
conditions were dictated by the equipment available. However, as the data in 
the remaining sections indicate, the correlations between the ratios of A/R, so 
determined, and abrasion losses do show definite trends. 

Heat treatment.—This relation explains why the heat treatment* of Butyl 
carbon black mixtures is beneficial to tread wear. Its sole function is to reduce 
the dynamic hardness of the vulcanized compound. ‘The ratio of K/R is thus 
reduced, which predicts a lower abrasion loss. Repeated experiments have 
confirmed this prediction. An example of this change of properties is shown in 
Table 3. 
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Fic. 18.—-Relation between abrasion loss in ce./km./amp. and KK for seven Buty! tire tread compounds 
and four LTP GR-&S type of tread compounds. Y represents special Buty! tread with optimum properties, 


Heat treatment reduces dynamic modulus, with no change in rupture energy 
The ratio of K/R is reduced to the same degree as the reduction in abrasion loss, 
The GR-S tread compound fits into the relation. Its very high rupture energy 
is balanced by a relatively high dynamic modulus. The resulting ratio of 
K/R, as well as the abrasion loss, is similar to a good-grade Butyl tread. 

Random tire tread compounds.—The mixing, compounding, and curing 
changes that can be made with Butyl can markedly affect the abrasion resist- 
ance. This condition can be shown graphically with a group of seven com- 
pounds mixed for tire tread purposes. They contain 50 parte of MPC channel 
black from two different sources and embrace a wide variation of mixing tech- 
niques. Their respective ratios of A/R and abrasion losses are spotted graphi- 
cally in Figure 18 as solid circles, numbers | through 7. Although somewhat 
scattered, the pattern of points extends from low loss and low K/K to high loss 
and high A/R values. Points 6 and 3 represent heat-treated mixes, wherein 
care was taken to maintain the extensibility or elongation of the subsequent 
vulcanized compound. Points 1 and 2 are control mixes. Points 4, 5, and 7 
represent mixes that result in low dynamic moduli, but the extreme mixing 
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hia. 19.—-E-ffect of state of cure of Buty! tread compounds on abrasion 


conditions have dangerously lowered extensibility, which in turn reduces rupture 
energy. 

The hollow circles A, B, C, and D are representative cold rubber GR-S 
treads. Points A and C are GR-S treads with MPC and SAF carbon black, 
respectively, with very high rupture energy. Point B is a GR-S compound 
purposely vuleanized to a low extensibility by adding three parts of sulfur, 
which is an excessive amount. The lowered rupture energy increases the ratio 
of K/R and increases the abrasion loss. The same is true for point D, where 
the GR-S tread is cured with only one part of sulfur. Unlike Butyl, reduction 
of sulfur to one part in GR-S treads results in lowered rupture energies. 

Solid cirele Y, in the extreme lower left of Figure 18, represents an attempt 
to cure a heat-treated Butyl so that optimum extensibility and rupture energy 
are insured. This vulcanizate from one part of sulfur and 0.75 parts of Tellu- 
rac* represents an improvement over the better Butyl vuleanizates as well as 
the GR-S reference compounds. It is possible that Butyl tires produced so far 
may have been overcured from the standpoint of abrasion resistance. 

State of vulcanization.—Figure 19 shows just how sensitive a Butyl tread 
compound is to changes of state of cure. This figure represents a series of 
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Kia. 20.—Rupture energy of Butyl tread compounds vulcanized with one part 
and two parts of sulfur 
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compounds prepared from the same masterbatch of Butyl and channel carbon 
black. Extent of cross-linking was controlled by the amount of curatives 
(sulfur and accelerator) added to the compound after heat treatment. Redue- 
ing the sulfur content limits the extent of cross-linking that can be obtained, 
and extensibility is therefore maintained even at long cure times. 

Figure 20 displays two stress-strain curves of the same Butyl-carbon black 
mixture. The one showing the greater rupture energy (greater area under 
curve) is vuleanized with only one part of sulfur. This feature is imporant in 
the vulcanization of large articles, wherein the surfaces are subjected to high 


2.0 SULFUR 
GRAMS 
1.0 SULFUR 
L Jj J 
800 1600 2400 3200 


MILES ON REAR WHEELS 


Fia. 21.--Weight loss of Buty! tire treads during road wear tests 


vulcanization temperatures for longer periods of time than the centers. Since 
Tellurac is such an efficient catalyst for the addition of sulfur to polymer, re- 
duced concentrations of this compound are recommended for optimum abrasion 
resistance. 

Road tests on Buty! tire treads have confirmed the superiority of Butyl ecom- 
pounds whose degree of cross-linking has been minimized by reduced sulfur 
contents. Figure 21 shows the results of a tread wear test conducted on just 
the rear wheels of a car. Tires were alternated left to right and weighed every 
600 miles. The compound with only one part of sulfur consistently showed 
about 15 per cent lower abrasion loss. Laboratory abrasion may show as 


TABLE 4 
Sutrurn Conrent anp Roap Wear—50-Parr MPC 


2 Parte 8 — 1221 ec. loss 
1 Part 8 1044 ec. loss 


much as a 30 per cent advantage for a compound with reduced sulfur. Another 
road wear test wherein tires were rotated to all four wheel positions again 
showed the advantage of reduced sulfur dosages. After 4000 miles, abrasion 
loss values are shown in Table 4. 

These tests were made under severe conditions of braking and cornering. 


EFFECT OF PLASTICIZERS AND CARBON BLACK 


The tensile properties and dynamic behavior of Butyl can be markedly 
changed by additions of plasticizer oils and variations of carbon black type. 
These wide changes in strength and dynamic softness produce the wide vari- 
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Via. 22. Effect of compound changes, carbon black type and plasticizer, on abrasion 
losses of Buty! rubber tr ° 


ation in abrasion losses observed in Figure 22. This series of seven compounds, 
with the compounding changes listed in the small table that accompanies the 
figure, follows rather closely the relation of abrasion loss and ratio of K/R. 
Since SAF carbon black (50 parts) produces such dynamically hard compounds, 
the presence of oil plasticizer makes a great change in the abrasion losses ob- 
served. This is observed when points 3 with 4 are compared. With MPC 
channel carbon black the presence of oil has little effect on abrasion loss, be- 
cause the ratio of K/R, as shown by points | and 2, has not been changed. 
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TABLE 5 
Proverties or Butyt Polymers or INCREASING MoLecuLarR 


Polymer GR-I-15* GR-I-18t B439¢ 
Mol. wt. (mv) 390,000 450,000 750,000 900,000 


Rupture vg 127 151 176 186 
Dyn. Mod. (dynes) X 1077 4.3 4.0 4.0 3.6 
K/R XK 10° 3.4 2.6 2.3 2.0 
Abrasion loss 20% slip 

ec./km./amp. 0.32 0.30 0.28 0.21 
* Enjay Butyl-215 
Enjay Butyl-218. 
Enjay Butyl Experimental Polymers. 


Point 1A, with 40 parts of MPC carbon black represents a good balance between 
rupture energy and dynamic softness. 

Although the main purpose of the laboratory work is to evolve some general 
principles of abrasion to guide our experimental work, some correlation with 
actual road wear is of interest. Laboratory abrasion values obtained with com- 
pounds actually placed on road tests in Texas have given a confident degree of 
correlation. In Figure 23, for example, the laboratory abrasion loss of five com- 
pounds incorporating changes in carbon black and oil content is related to road 
life ratings expressed as a percentage of a GR-S commercial control. With 
these road rating values, a high number is superior; while our laboratory tests 
were expressed in actual volume losses. Here a low number is desirable. The 
values plotted appear to be good correlations in this inverse fashion. 


POLYMER VARIABLES AND ABRASION 


Since abrasion is a rupture process, the more perfectly vulcanized network 
should result in lower abrasion losses. Even micro-flaws can be points of 
rupture initiation. A reduction of network flaws would result in higher rupture 
energies, with no increase in hardness. 


MOLECULAR WEIGHT 


One way to achieve higher rupture energies without an increase in dynamic 
hardness is to raise the molecular weight of the polymer. In fact, the more per- 
fect vuleanized network obtained with a high molecular-weight polymer would 
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Fic. 24.--Relation between Butyl rubber molecular weight and abrasion 
loss of tread compounds 
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tend toward improved hysteresis properties. A series of increasing molecular 
weight Butyl polymers confirms the advantages of higher molecular weight. 
Four polymers were compounded with 50 parte of MPC channel black and three 
parts of a hydrocarbon oil. Only one part of sulfur was used to minimize 
differences in unsaturation with the conventional 1.2 parts of Tuads as an ac- 
celerator. The polymers used and their compounded properties are given in 
Table 5. 

A plot of abrasion loss and K/R, in Figure 24, predicts that an improved 
wear-resistant tread could be produced from high molecular weight Butyl. 


POLYMER UNSATURATION 


Unsaturation in a Butyl polymer limits the maximum extent of cross-link- 
ing, just like a reduction in the amount of sulfur in the compound. In fact, a 
polymer of lower unsaturation will duplicate the abrasion resistance of more of 
the unsaturated varieties wherein the sulfur content has been reduced. Toshow 
this effect, abrasion results with a series of four Butyl rubbers with the following 
molecular characteristics have been plotted in Figure 25. 

These polymers were compounded in a tread compound using 50 parts of 
MPC channel black per 100 of Butyl. Each type of tread was then vuleanized 
with two parts and with one part of sulfur, to make eight vuleanizates in all. 
Their abrasion loss and respective values of K/R follow the established relation 
fairly well. Abrasion losses increased with increased unsaturation at any given 
sulfur dosage. The first number adjacent to the various points is the unsatura- 
tion expressed in mol-per cent. The number and letter in parentheses in Fig- 
ure 25 refers to the amount of sulfur. Thus the worst compound from the 


standpoint of abrasion loss is the one made from GR-I-25 (1.9 unsaturation), 
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25.— Polymer unsaturation and abrasion loss of Butyl rubber treads. 


Mol.-% Viscosity ave. 
unsaturation’® mol. wt. 
(R2) (Enjay Buty! 035) § 325,000 
(Enjay Butyl 150) a 310,000 
-15 (Enjay Butyl 215) : 350,000 
25 (Enjay Buty! 325) 325,000 


@ 1.9125) 
@ 71.325) 
@ 9s) 
i 
3.0 
GR-I 
GR-]I 
GR-I 
GR-I 


ABRASION OF BUTYL RUBBER 


Fig. 26.—Close-up of tread and sidewall of experimental Buty! tire showing, at top, freedom from tread 
cracking, and, below, absence of weather cracking of sidewall after 25,000 miles of road wear. 


using two parts of sulfur. Reduction of sulfur to one part, as shown, results in 
an improvement. 

With the other Butyls, a step-down in unsaturation reduces abrasion losses, 
and each polymer is further improved by the reduction of sulfur. The very 
lowest unsaturated Butyl, 0.9 per cent unsaturation, is superior to all others, 
even with two parts of sulfur, since the extent of vulcanization is limited by the 
molecular nature. 

The questionable value of too low a state of cure is shown in the very laet 
point with one part of sulfur in GR-I (R2). Here a sticky vulcanizate results 
in an abnormally low abrasion loss. Reduction of unsaturation has, of course, 
one serious drawback. Rate of cure would be seriously impaired. From an 
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economic standpoint, then, it would be more practical to obtain low abrasion 
loss with a higher unsaturated polymer vulcanized in the presence of reduced 
quantities of sulfur. 


SUMMARY 


By using the Lambourn abrader, a concept of abrasion has been proposed 
that fits the performance of a wide variety of compounds. The ability of this 
type of machine to give varying degrees of slip and braking forces has aided in 
the selection of the proper conditions for abrasion studies. By using a small 
tread pattern on the sample wheel, laboratory results are brought into closer 
agreement with actual road wear tests. 

The work of Schallamach and the analysis of abrasion by a needle abrader 
have been extended to an abrasive surface. To the considerations of compound 
strength and surface friction or traction has been added the consideration of 
dynamic hardness. The abrasion of rubber has then been related to a ratio of 
dynamic modulus over rupture energy. Thus if a compound is made dynami- 
cally softer or more conformable without a sacrifice of its resistance to rupture, 
a superior abrading tread will result. In simple terms, what is needed for best 
abrasion resistance is the softest toughest material. 

Butyl owes its comparable or superior abrasion resistance (compared to 
other rubbers) to the fact that its vuleanizates are dynamically softer. The heat 
treatment of Butyl carbon black mixtures produces vulcanizates that are still 
softer in relation to their rupture energy. This is the sole advantage of such a 
mixing procedure. 

Other polymer and compounding variables that tend to decrease the ratio 
of dynamic hardness to rupture energy improve abrasion resistance. These 


changes include increasing the molecular weight of the polymer and reducing 
somewhat the unsaturation. A certain quantity of plasticizer to increase soft- 
ness and a reduction of the state of cure have been shown to be beneficial. The 
latter change produced by a reduction of the amount of sulfur in the compound, 
which limits the extent of cross-linking, has resulted in distinctly superior tire 
treads. 
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POWER 
AN INVESTIGATION OF THE ABRASION OF 
TREAD COMPOUNDS * 


WaLtrer VIEHMANN 


Tue Researcn Lanonatony, Gumui-Werke Fuipa KG. 4.A., Foros, Germany 


INTRODUCTION 


While the investigation described in this paper was underway, Kainradl 
published a review of the literature on the abrasion testing of vuleanized rub- 
ber', in which various German and foreign methods were discussed critically. 
Based on his review, Kainradl came to the conclusion that there is at the pres- 
ent time no generally accepted and useful method for measuring the abrasion 
of vuleanized rubber compounds which gives results corresponding to road tests 
of tires, and he put the question whether, even in principle, any laboratory test 
can be expected to reproduce the general behavior of rubber in road tests, 

Based on these considerations, it is recommended that no new type of testing 
methods be developed at this time, but that the more important methods al- 
ready available be studied more closely, in particular the methods of constant 
energy. Meantime Powell and Gough? have reported some results which they 


obtained by this method. 
* * * 


It was the purpose of the present work to study the abrasion characteristics 
of vuleanizates of the tire-tread type under conditions which would reproduce, 
as closely as practicable, conditions actually prevailing in service. It is on this 
basis that the following requirements for the test were formulated, 


(1) Discontinuous impulse-type of abrasion, such as exists in the rotation 
of a tire. 

(2) Range of slippage corresponding to that existing in service performance, 
i.e., from 0 to a maximum of 10 per cent. 

(3) Operation of the laboratory test with a rotating test-specimen. 


Slippage takes place whenever power is transmitted to two mutually rotat- 
ing surfaces, and, based on the abrasion forces appearing at the contact zone, 
this power exceeds a critical value which depends on the coefficient of friction, 
the surface of contact, and the pressure. 

For a driven tire, which is the only case which will be considered here, the 
power transmitted depends on the speed, load, and grade of the road. 


* Translated for Cuemierny ann Tecuno from Kautachuk und Gummi, Vol. & No. 9, 
pages W1T227-233, September 1955. 
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TABULATION AND DEFNITIONS OF THE FACTORS 
USED IN THE EXPERIMENTS 


Amount of rubber abraded : 
Abrasion = mg. per min, 


Time of running 


Abrasive wear 
Specific abrasion = —— 


Abrasion power 
Amount of rubber abraded 


mg./watt-min. 
Energy of abrasion 


Power (total) watts 
Power transmitted, i.e., the power delivered by 

the brake generator watts 
Slippage percentage 
S.-W, = abrasion power watts 
Temperature Centigrade 
Heat conductivity keal./m.-hr.-degree 
Temperature coefficient of conductivity 

= cm.?/sec. 
cp 

Density g./ec. 
Specific heat cal./g.-degree 
Heat convection watts 
Heat convection density = 1/F watts/cm?. 
Surface area 
Time interval sec. 


Rubber Compounds Studied 


Natural rubber + 45 parts CK-4 carbon black 
Natural rubber + 45 parts HAF black 

Natural rubber + 45 parts ISAF black 

Natural rubber + 20 parts silica 

GR-S (cold rubber) + 45 parts CK-4 carbon black 
GR-S (cold rubber) + 45 parts HAF black 

GR-S (cold rubber) + 45 parts ISAF black 
Vulkollan (Shore hardness 70), 


ABRASION MACHINE AND PRINCIPLE OF MEASUREMENTS 
THE MACHINE 


The machine operates on the principle of the Dunlop-Lambourn machine. 
It is shown schematically in Figure 1. 

A grinding wheel 8, driven by motor M, drives, through the medium of a 
small rubber wheel R which is the abrasion test-specimen, a direct-current 
generator G, whose power output is controllable and is measured by a wattmeter 
W. The slippage between the test-specimen and grinding wheel is measured by 
a photoelectric count of the number of rotations of the two. The grinding 
wheel can be made up of various materials. In the abrasion experiments de- 
scribed, a silicon carbide wheel (grain 36, hardness 46) was found to give the 
best results. 

The type of test-specimen is a solid rubber tire of 70 mm. diameter and 
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bearing surface 10 mm. wide, which was mounted on a shaft of 35 mm. diameter. 
The grinding wheel is provided with a heating coil so that the surface tempera- 
ture of the wheel can be regulated at any temperature from 20° to 100° C. 
The measurements were actually made only in the range of 20°-70° C, since 
above 70° C, the well known smearing effect appears and disturbs the process of 
abrasion. 

PRINCIPLE OF THE MEASUREMENTS 


Power distribution in the abrasion machine.--The power required to drive 
the machine consists of the abrasion power, the power transmitted, and the 
frictional losses in the bearings: 


W, Wa W, + (1) 


Elektromotor 


Abb. 1. Schematische Darstellung 
der Abriebmaschine 


Fic. 1.—-Schematie representation of the abrasion machine. On the diagram, Leistungsmesser 
wattmeter; Reibrad grinding wheel (test-specimen) ; Trommel drum. 


where W, is the power measured at the generator, and W, is small enough to be 
disregarded. If S is the slippage, then the power of abrasion W, is: 


Wa =S-W, (2) 


The abrasion power is, in turn, partly consumed in the actual abrasion process, 
Ww, and is partly transformed into heat, Wy. 


Wa = Ww + Wu (3) 


Method of measurement.—The test-specimen is run for 5 minutes under a 
constant transmitted power W,, during which period the slippage S is measured 
The applied pressure is always kept at 3.5 kg. persq.cm. The abrasion loss is 
determined by weighing. Every measurement recorded is the mean value of at 
least five individual measurements. 


Generator 
Reibrad (Prutiing) 
Trommet 
\ = 
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EXPERIMENTAL RESULTS 
SLIPPAGE CHARACTERISTICS 


Figure 2 shows the slippage as a function of the power transmitted. Uptoa 
load W,, the value of which is characteristic of each individual vulcanizate, 
power is transmitted without any slippage. As soon as W, exceeds W,, slipping 
begins, and this increases as a linear function of W,. Theslope of a slippage line 
on the graph has a value which is characteristic of each vulcanizate, and this 
slippage can be expressed in the form of Equation (4): 


S So- (W, W.) (4) 


18 2) 24 
Ubertr Leistung Watt 
Kia. 2.--Slippage characteristics. The abscissa indicates the power transmitted ; 


the ordinate the percentage slippage. 


ABRASION CHARACTERISTICS 


Abrasion takes place as soon as slipping begins, i.e., when W, > W,. Up 
to a specific critieal slippage Serr, which is characteristic of each individual 
vulcanizate, the abrasion increases as the square of the power transmitted, as 
expressed by Equation (5) and Figure 3: 


A = Ay(W, W,)? (5) 


If the abrasion is plotted against the abrasion power: Wy = S-W, (see 
Figure 4), straight lines passing through the axis are obtained, ie., a linear 
relation, as represented by Equation (6): 


= — W (6) 


It is possible, therefore, to define, for every vulcanizate, a specific abrasion 
value a (e.g., expressed in mg./watt * min.) and a specific abrasion energy 


Ww = — (e.g., in watt  min./mg.). 
a 
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2! 24 
Ubertr Leistung ( Wott) 


Fia, 3.—Abrasion characteristics. The abscissa indicates the power transmitted; 
the ordinate the abrasive wear in mg. per min. 


DEPENDENCE OF THE SPECIFIC ABRASION ON TEMPERATURE 

The abrasion of a vuleanizate with constant abrasion power increases 
linearly with rise of temperature. In the temperature range of 20° to 70° C, 
the relation is expressed by Equation (7) (see Figure 5) : 


(ar — do) = ay(T " T's) (7) 


als 
ele 


a 
« 


12 


06 09 12 
Reibleistung (Wott) 


Fic. 4.—-Abrasion as a function of the abrasion power. The abscissa indicates the abrasion 
power ; the ordinate the abrasive wear, 
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Wott « 


Spez Abdried 


Ternperatur (°C ) 


Kita. 5.--Specifie abrasion as a function of the temperature. The ordinate indicates the 
specific abrasion in mg./watts K min. 


where ar is the specific abrasion at temperature T and dp is the specific abrasion 
at temperature 7'o. 

Analogous to the relation shown in Figure 5, Figure 6 shows the dependence 
of the specific abrasion energy on the temperature. The course of the curves in 
Figure 6 indicates, in the opinion of the author, that, for a better understanding 
of the abrasion process, the specific abrasion energy must be measured at low 
temperatures as well, a problem which at the present time is being attacked, 


| 


wott mn? 


Sper Adnedenerge 


| 

20 60 90 
Temperatur (°C) 


Fie. 6.--Speecific abrasion a function of the temperature. 
The ordinate indicates the specific abrasion energy. 
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Fig. 7.—An abrasion pattern (magnification 175) 


but which has not yet led to any definite conclusions. Preliminary measure- 
ments indicate that the specific abrasion energy passes through a maximum 
value at a temperature lying between 10° and 20° C which is characteristic of 
each vulcanizate, and then decreases again at lower temperatures. 


THE CRITICAL SLIPPAGE VALUE 


Above a critical slippage, Serit, the value of which is characteristic of every 
vulcanizate, the quadratic dependence of the abrasion on the power trans- 
mitted, as expressed by Equation (5), no longer holds true, and the abrasion 


1SKTs 3.7210 


Riffel- ADstand (SKT 


15 
Schiupt (%) 


Fic, 8.—Space between ridges as a function of the slippage. The abscissa indicates the percentage 
slippage; the ordinate the space between ridges. The arrow on the absicasa points to the critical slippage. 
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increases rapidly. This phenomenon was studied in detail by Ebert and 
Weidner*. In the present work, the author was able to confirm the general 
course of the abrasion-slippage curves of these investigators. 

For slippage values where S > Scrit, the socalled abrasion patterns de- 
scribed by Schallamach* appear. These abrasion patterns take the form of 
parallel ridges, which lie perpendicular to the direction of abrasion (see Figure 
7). The distance apart of these ridges increases linearly with the slippage (see 
Figure 5). By extrapolation of the straight lines in Figure 8, a slippage value 
Serit characteristic of every vulcanizate is obtained, and this value is identical 
with the value defining the characteristic abrasion. 

Schallamach has pointed out in this connection that the appearance of these 
abrasion patterns is associated with a considerable increase of the abrasion. 
He subjected a test-specimen to abrasion in a fixed direction, as 4 result of 


40 
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m 


hia. 9 Dependence of the amount of abraded rubber on the time of running* (in mg. per 50 em, 


travel a) Test-epecimen abraded in a fixed direction. (b) Test-epecimen turned 90° after each 50 em. 
travel, ‘The abecissa indicates the travel in meters; the ordinate the amount of rubber abraded in mg. per 


which the loss by abrasion per meter of travel increased in accordance with 
curve a in Figure 9. After approximately 10 meters travel, this loss reached 
a constant value per meter. At this point, the abrasion pattern also had be- 
come completely developed. If, on the other hand, the formation of an abra- 
sion pattern is prevented by turning the test-specimen 90° from the direction of 
abrasion each half meter of travel, then the rate of wear is represented by curve 
bin Figure 9. The rate is obviously slower than unde, conditions where an 
abrasion pattern is formed. 


COMPARISON OF DIFFERENT ABRASIVE SURFACES 


The specific abrasion energy, i.e., the energy which is required to wear away 
a definite amount of rubber, depends on the grinding surface. Figure 10 shows 


= 
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a comparison of a rough iron surface, a silicon carbide wheel, and a polished iron 
surface, tested comparatively with vulcanizate A, at 20° C. 


TEMPERATURE OF ABRASION 


The abrasion power converted into heat is manifest in the temperature of 
abrasion. Figure 11 shows the temperature as a function of the abrasion 
power, measured by a thermoelement inserted in the surface layer about 0.3 
mm. deep, of a test-specimen of vulcanizate B,. The temperature rises linearly 
with the work of abrasion in accordance with Equation (8). 


= T'o 6 W (S) 


3 


1$K7: 3.7210 ?mm 


— 


»» 


‘Spex Abdriedener ge 
~ 


| 
40 
Mittl Korngroftle (SKT) 


Fic. 10.--Specific abrasion energy as a function of the grain size (roughness) of the grinding surface 
The abscissa indicates the mean grain size in SKT units (1 SKT = 3.7 * 104 mm.); the ordinate the 
specific abrasion energy 


For the silicon carbide wheel, the measured value of 6 was 4° C/watt. When 
an iron wheel was used, no measurable rise of temperature during abrasion was 
manifest. 

Because of the character of the testing method, no brief localized high flash 
temperature can be detected in the measurements, such as is found in the 
abrasion of metals and certain nonmetallic solid materials® and also has been 
suspected at times in the case of rubber; instead, a mean value for the time of 
test is measured. These temperature relations will be discussed in more detail 
later (see the Discussion of the Experimental Results). 


CORKELATION BETWEEN ROAD WEAK AND LABORATORY ABRASION 


An essential prerequisite for a satisfactory correlation® between road tests 
and laboratory tests is, as has always been, that the test conditions simulate the 
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service conditions, With respect to the use of the vuleanizates already tested 
for tire treads, the following conditions had, therefore, to be fulfilled. 

First was the use of a rotating abrasion test-specimen, with slippage values 
and loads corresponding to those of tires in actual service. These requirements 
mean, in the final analysis, that the severity of the abrasion in the laboratory 
test must conform to that prevailing in service. By severity of abrasion is 
meant: 

Wear of tire tread in mm. 
eeverity : 
; No. of turns of tire 


+ + 


Redtemperctur [°C ) 
> 2 


| 


i) 20 25 30 35 40 
Reibiestung ( Wort ) 


Kia. 11.—-Temperature of abrasion as a function of the abrasion power. The abscissa indicates 
the abrasion power; the ordinate the temperature of abrasion 


A simple estimation shows that this condition is fulfilled in the present case 
when, for a tire with a 10-mm. tread and 40,000 km. road performance, the 
severity of abrasion is: 


10 mm _mm . mm 
2 107? 
m turns 


For the abrasion test-specimen in the present work with contact surface width 
of 10 mm. and cireumference of 20 cm., the severity of abrasion was. at a mean 
specific abrasion of 1.2 mg. per min. and r.p.m. of 1200, which corresponded toa 
rotation frequency of 20 cycles per sec., as follows 


my 1.2 mg. ce, 
2 10-4 mg./U = 107-6 
min 1.2 10°1 turn 
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This corresponds, with a surface of 20 sq. em. of abraded laver, to: 
] 


ce. 
5 X em./l 5 10°77 mm./turn 
20 sq. em, 
When these figures are examined, it becomes evident how much more severe the 
test conditions of many laboratory abrasion tests are, particularly the test 
method carried out in accordance with DIN-53-516, in which a layer several 
mm. thick is abraded away in only 2.5 minutes and a travel of 40 meters, with 
100 per cent slippage. Under these conditions, any satisfactory correlation 
between road wear and laboratory abrasion data cannot even be expected. 
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Via, 12.--Correlation between road tests and laboratory teste. The abscissa indicates 
the laboratory abrasion; the ordinate the road wear 


Figure 12 shows the correlation between road wear and laboratory measure- 
ments for the method of DIN-53-516 and with the principle of constant energy. 
Under these conditions, when the abrasion test-specimens undergo slippage 
which exceeds the critical slippage value, the abrasion patterns of Schallamach 
naturally appear, and there can be no strict correlation with road tests where 
conditions are not severe enough for abrasion patterns toappear. Furthermore 
we have been able to prove that, in road tests, the abrasion patterns, which 
depend on « considerable increase of abrasion, appear only at high slippage 
values 


DISCUSSION OF THE EXPERIMENTAL RESULTS 
WEAR OF METALS 


Shaw? and others have demonstrated that the specific abrasion energy of a 
crystalline substance, e.g., a metal, increases with decrease of the size of the 
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particles abraded away and finally reaches a limiting value for a particle size of 
approximately 5 ¥ 10-*em. This critical size of particle is related directly to 
local disturbances of the erystal structure. 


THE ABRASION BEHAVIOR OF VULCANIZED RUBBER 


If these facts are applied to rubber, it is, of course, impossible to specify ¢ 
critical particle size based on crystal structure or any corresponding critical 
specific abrasion energy. However, it can be assumed that the maximum 
energy in the extreme case tends towards the energy of chemical combination 
of rubber and filler 

Assuming an energy of combination of SO keal. per mole and a mean particle 
size of 38u in a natural rubber C black system, Powell and Gough? calculated a 
specific abrasion energy of 0.5 * 10-4 keal. per g. = 3.3 & 10°¢ watt-min./mg. 
The values measured by the present author are, for a rough iron surface, 0.4 
watt-min./mg 6 keal./g. for the silicon-carbide wheel, 0.7 watt-min./mg. 

10 keal./g., and for the polished iron wheel, 1.8 watts-min./mg. = 25 keal./g. 

For three different abrasion machines, the du Pont machine, the Lambourn 
machine, and the B.8.A.T.R.A. machine, all of which operate on the principle of 
constant energy, Powell and Gough found values of 5.4, 4.1, and 0.25 keal./g. 
With decreasing degree of roughness of the abrasive surface, and corresponding 
decrease of particle size of the abraded rubber particles, the specific abrasion 
energy increases here too, just as is to be expected from the example of the 
behavior of metals. However, its absolute values are too high by a factor of 
10°. In this way rubber can be contrasted with metals, for which the measured 
values agree satisfactorily in their order of magnitude with the theoretical 
values. 

As has already been expressed in Equation (3), the measured abrasion 


energy is made up of two components, the energy consumed in the actual proc- 
ess Of abrasion, and a second component, energy which is absorbed in the 
boundary surface and is transformed into heat, without any breakdown of the 
structure. This energy appears as heat of friction and thereby causes wear as 


soon as the temperature of decomposition of the rubber is exceeded. 

The capacity of the rubber to absorb relatively great amounts of mechanical 
energy as heat in the contact layer during abrasion accordingly governs the 
abrasion characteristics of a vulcanizate to an extent which is the greater, the 
smoother is the abrasive surface. The degree of roughness of this surface is a 
decisive factor in the energy consumed in any definite breakdown of structure. 


ESTIMATION OF THE TEMPERATURE OF ABRASION ON THE ASSUMPTION THAT THE 
POTAL POWER IS TRANSFORMED INTO HEA 


In addition, a relation may be given to show the rise of temperature in the 
boundary layer of abrasion of two media: 


0.964-7-1 0.964-7-1 


(9 
Ai tA; + Az) 


where ) is the density of the heat convection corresponding to the abrasion 
energy 
Wa 


W,=S-W,: 
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2/ is the edge length of the zone of contact, and A, and A, are the heat conductiv- 
ity values of the two media. 

Equation (9) was derived with the assumption of constant heat convection, 
i.e., constant abrasion energy with respect totime. This assumption was, how- 
ever, not fulfilled under the conditions, because the rotating abrasion test-speci- 
men underwent pulsations during the abrasion. Figure 13 shows the time rela- 
tion of the abrasion power in a rotating surface zone of the test-specimen. 

During the impulse time 7,, a heat convection current, 1, Wa, flows, 
whereas in the interval ro, 1 = 0. Correspondingly the temperature of the 
boundary layer also shows a pulsating effect, and the temperature fluctuations, 
analogous to the socalled skin effect in electrical engineering, enter, exponen- 
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Fig. 13 Abrasion —_— during the operating time. On the diagram, Hethlevtung is the abrasion power 
Warmestrom the heat convection, and Zeit the time 


tially modified, into the relation’ in the form of the coefficient of heat conductiv- 
ity k: 


(T (T — To)o:exp (10) 


To 
After passing through a boundary layer: 


dy = (11) 
T 


the temperature fluctuations become reduced to 1/e = 35°97. In our case, 
with k 2 X 1078 em.?/sec, and to = 5 * 10°? sec., the thickness dy of the 
boundary layer is: 


dy = 14 5.! 0.05 mm 


The problem can now be treated on the basis of equation (9) for a point of 
measurement at distance z = d as stationary, with 
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if d > do, a condition which in the present case is fulfilled for the position of the 
measuring element withd = 0.3mm.anddy = 0.05mm. Atadepthofd = 0.3 
mm. = 6.do, the temperature fluctuations become only 1/400. The thermo- 
element is, therefore, no longer influenced by the temperature of the boundary 
layer. 

In the abrasion tests in the present investigation, there is accordingly found 
on the emery wheel, for an abrasion power of 1 watt, with the values: 


= 0.3 keal./m.-hr.-g. 


1 watt dA j 
: 2/1 = 1.5 em.; 0.2 ke | ‘m hr g 


a power value of 1 keal./hr. = 1.15 watt, a rise of temperature of 
_ 0.964 XK 0.5 watt/em.? * 0.75 em. K m. X hr. X g. 


0.5 keal. 


= 65° C 
for the case where the heat convection is maximum. As a time average, how- 
ever, the heat convection current is only: 


ig = = tp: (1/13) 


and accordingly the mean temperature of abrasion is about 5° C per watt of 
abrasion power. Considering the simplified assumptions in the estimation, 
this value should be accepted only as an indication of the order of magnitude of 
the expected temperature of abrasion. However, the relatively good agree- 
ment with the measured value might be regarded as a confirmation of the 
assumption, made on the basis of other considerations, that, from a practical 
viewpoint, the total abrasion power is consumed in the abrasion boundary layer 
and is transformed into heat. 


CONCLUSIONS 
In conclusion, we should like to add that, in spite of some interesting results, 
the problem of the abrasive wear of rubber can in no way be regarded as solved 
and that, in our opinion, it is necessary to study further the individual process 


of abrasion for the purpose of carrying the complex views of the abrasion resist- 
ance of yvuleanized rubber back to other fundamental properties of rubber. 


APPENDIX 
CALCULATION OF THE ABRASION ENERGY 


Powell and Gough? have calculated, on the assumption of a C—C bond 
energy of 80 keal./mole = 5.6 * 10° erg/ molecule and the size of an isoprene 
5.6 107"? 
X 
erg/em*. Therefore the energy consumed in the formation of a new surface of 
1 sq. cm. is 2000 ergs. 

In the process of abrasion, new surfaces are being formed continuously. 
If an abraded particle is assumed to be cubical, with unit dimension z, detach- 
ment of the first particle must result in the formation of a new surface of 5 z?, 
and for all subsequently detached particles a new surface of 4z*. Hence for a 
number N(N 1): 


elementary cell of 27 


A? « surface energy of approximately = 2000 


F=WN-42? 
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In the unit volume of 1 cc., N = 1/z', and consequently F = 4/zr(em.2/ec.). 
For a particle size of 38y, the authors calculate from this a surface area: 


4 
= J050 (em.?/ce.) 
38 10-4 


and accordingly an abrasion energy: 


Wa = 2000 1050 = 2.1 & (erg/ec.) 0.5 (keal./ce.) 


CALCULATION OF THE TEMPERATURE OF ABRASION 


The case considered is one-dimensional. In the abrasion boundary laver 
between the two materials, with coefficients of heat conductivity A, and Ag, 
respectively, the heat convection (see Figure 14) is: i = S-W, Wa, and 


Te#T, (Randbed ) 


Reibleistung 
W, 


Is 


Fig. 14.--Caleulation of the temperature of abrasion. From the abrasion test-«pecimen a rectangle 
over the contact surface F (marginal length 21) with height z + © is cut out As the marginal condition 
T = To at the margin of the rectangle is assumed. On the diagram, 7 — 75 (Randbed.) is 7 = T's (mar 
ginal condition); Wa = Keibleistung is Wa = abrasion power 


therefore a heat convection density j 1/(4l?). For an elementary volume, in 
place of y = L: 


dx? 


as well as the boundary condition: 


From Equation (1), a simple differential equation is derived in the form 


—bT +c 


with the solution 


| 
of 
= 
| ie ict 
| 
(T To (2’) 
l 0 
= () (3') 
9 = A-exp (4’ 
J Na ) ) 
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With the boundary condition (2’), there is obtained: 
iv2 
A = (5’) 


The final solution consequently is: 


wv2 ( 2 


For the abrasion boundary layer (z = 0), the temperature rise is accordingly : 
(7 To) = 


Taking into account that, of the heat convection 1, the fraction: 


—_— (7 
i, = 
is flowing in the first medium, there is finally obtained, whenj = 7/ (4/*) the 
ultimate equation: 
+ As 


Jaeger® has derived, by a more precise recalculation of the problem, the equation : 
0.964 

7 7 q = (9’) 
Ai + 


This equation is valid with the limitation: 
< 0.1 


where v is the rate of abrasive wear, lis the half edge length of the abrasion zone, 
and k, is the coefficient of heat conductivity of the second medium (the grinding 
base). 


ol : 
For = 0.1, Equation (9’) becomes: 
2k 


2 


0.9642-1 


ORS 
+0 | 


SUMMARY 


T-T=-— 


The abrasion behavior of vuleanizates of the tire-tread type have been 
studied by the method of constant energy, with a test apparatus operating on 
the principle of the Dunlop-Lambourn machine. As a result of this work, the 
following facts were established. 

Up to a critical slippage, the value of which is characteristic of every individ- 
ual vuleanizate, the abrasion, i.e., the amount of rubber worn off per unit of 
time, increases with the square of the slippage. The slippage increases linearly 
with the power transmitted. To this quadratic relation between the power 
transmitted and the slippage corresponds a linear dependence of the abrasion 
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power, i.e., it is possible to assign a specific abrasion energy to every individual 
vulcanizate. 

The specific abrasion energy is inversely proportional to the temperature 
and also inversely proportional to the mean particle size of the abrasive material 
A comparison of the measured specific abrasion energy with the corresponding 
value to be expected by theoretical calculation shows that the experimental 
value is too high by a factor of 10°. From this, one is led to the conelusion that 
the abrasion power is practically completely consumed as heat in the abrasion 
boundary layer, an idea which is supported by measurements of the temperature 
of abrasion and a comparison of this with the calculated values 

Above the critical slippage value, the simple linear dependence of the 
abrasive wear on the abrasion power no longer holds true, and a specific abrasion 
energy cannot be defined. In addition, the abrasion patterns described by 
Schallamach then appear, and any correlation between laboratory tests and 
road wear tests is lost. 
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RUPTURE OF RUBBER. III. DETERMINATION OF TEAR 
PROPERTIES * 


Hi. W. Greensmitru AND A. G. THomas 


Berrian Prooverns’ Research Association, 
Ganven Crry, Hents, 


INTRODUCTION 


A criterion for the onset of tearing, involving a characteristic energy, has 
been developed and verified by Rivlin and Thomas'; the characteristic energy 
defines a tear property which is independent of the form of the test-piece, unlike 
the arbitrary tear resistance value obtained by conventional tear tests. It is 
the purpose of the present paper to apply the energetic considerations embodied 
in the criterion to the investigation of the tear properties of rubber vulcanizates. 

The criterion was developed! in the form: 


(OW/dc), = Th (1) 


where W is the stored elastic energy of a thin sheet of vulcanizate of thickness 
h, c is the length of the cut or tear, and 7 is an energy characteristic of the ma- 
terial. The subscript / denotes differentiation with constant displacement of 
the boundaries over which forces are applied. A slight change of notation from 
that of Rivlin and Thomas! has been made, in that h has been substituted for 
tas the thickness of the sheet. As stated by Rivlin and Thomas and elaborated 
by Thomas’, T is to be interpreted as the energy expended irreversibly per unit 
increase of the length of the tear and per unit thickness of the sheet. 

It has been shown by Rivlin and Thomas! that, by a suitable choice of the 
shape and dimensions of the test-piece (the test-piece shown here in Figure 1), 
equation (1) reduces to a form: 


T -h-de = dw (2) 


which is independent of the elastic properties of the vulcanizate, dw being the 
work done by the applied forces for an increase de of the length of the tear. 
Equation (2) can be applied, not only to the onset of tearing to which the cri- 
terion (1) appertains, but also to continuous tearing to which a definite rate of 
propagation is ascribed; 7 then denotes the energy, per unit length of tear and 
per unit thickness, required to propagate the tear at a certain rate, and 7 will, 
presumably, be a function of the rate. If this is the case, an adequate descrip- 
tion of the tear behavior of a vulcanizate entails the determination of the energy 
for tearing T as a function of the rate of propagation; a single value for 7’, de- 
fining only the onset of tearing, would be insufficient. That the energy for 
tearing can, in fact, vary with the rate of propagation may be readily demon- 
strated, for example, with GR-S vulcanizates by applying various forces to test- 
pieces of the form shown in Figure | and observing the different rates at which 
the tear propagates 


* Reprinted from the Journal of Polymer Science, Vol. 18%, pages 189-200 (1955) 
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In the following sections the measurement of the energy for tearing T as a 
function of the rate of propagation is described and discussed. Results ob- 
tained with natural rubber and GR-S gum vulcanizates are given to illustrate 
the possibilities of the method for the characterization of tear properties and 
for the investigation of the nature of the tear process. GR-S and natural 
rubber have been selected because their vulcanizates differ considerably in 
rupture properties. 


MEASUREMENT OF THE ENERGY AND RATE 
OF TEAR PROPAGATION 


THE TEAR TEST~—PIECE 


The type of test-piece used in the measurement of the energy and rate of the 
tear propagation is shown in Figure 1, in both the undeformed and extended 
states. In the following derivation it is assumed that the thickness / is small 
so that the couple required to bend the arms is negligible in comparison with 
the tensile tearing force. 


(b>) 


Fia. 1 The tear teat-piece a) undeformed: (b) extended 


If a tearing force F is applied to the arms to produce tearing along the 
central axis and the arms are sufficiently long in comparison with their widths a, 
there will be a region of each arm which is substantially in simple extension, 
with an extension ratio \ determined by the force F. For an increase de of the 
length of the tear, the region of simple extension in the arms is increased in 
volume by 2a h de at the expense of the undeformed region ahead of the tear, 
a, h, and de being referred to the undeformed state. The separation / of the 
grips by which the force is applied is thereby increased an amount dl given by 


dl = 2 de (3) 

From the work of Rivilin and Thomas', or as may be seen directly from simple 
energy considerations, the energy for tearing T is given by: 

T hde F 2d de Wo 2ah de (4) 

where Wo is the work done/unit volume in deforming the vulcanizate in simple 

extension to an extension ratio A. It has been shown by Rivlin and Thomas, 


that, if the width 2a of the test-piece is sufficiently large, A = | and F »> Wo ah. 
Equation (4) then reduces to: 


{ 
1 
F 
> 
2a 
(a) = 
Th 2h (5) 
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If tearing is now considered to be continuous with a rate of propagation dc/dt 
and A # 1, the rate of separation of the grips is, from (3): 


dl/dt = 2dc/dt (6) 


For test-pieces whose width is sufficiently large, the energy for 
tearing T may, therefore, be derived from the tearing force F by Equation (5) 
and the rate of propagation of the tear may be derived from the rate of separa- 
tion of the grips by Equation (6). 

We may note that this test-piece shows the following features: 


(1) The relation between F and T is independent of the length ¢ of the tear. 

(2) When a is sufficiently large, this relation is substantially independent 
of a and of the elastic properties of the material. 

(3) The rate of propagation of the tear is governed only by the rate of 
separation of the grips and is independent of, for example, the length of the tear. 


The above features make this type of test-piece more convenient for the 
present investigation than most of those used for conventional tear resistance 
measurements. 


Crosshead 


Test-plece 


«b> 


hia. 2.--Methods of measurement: (a) constant rate of extension; (b) constant force 


Test-pieces with a width of 4.em., a length of 10 to 15 em., and a thickness of 
1 to 2 mm. were normally used. The arms were formed by an initial cut of 
about 5 cm., and the tip of this cut, from which tearing was commenced, was 
formed with a razor blade. For test-pieces of these dimensions, the energy 
and rate of tear propagation may generally be derived with sufficient accuracy 
by the use of Equations (5) and (6). For vuleanizates that were highly tear 
resistant and extensible, however, corrections for the extension of the arms were 
made. The form of the corrections can be seen by a comparison of Equations 
(3) and (4) with (6) and (5), respectively. 

Although the theoretical treatment of the test-piece assumes that the tear 
propagates along the central axis, it was found that in practice the measurements 
were not sensitive to small departures from this assumption. 


METHODS OF MEASUREMENT 


Two methods of measurement were employed, the first suitable for relatively 
high rates of tearing and the second for low rates. In the first and principal 
method, shown in Figure 2a, test-pieces were extended at various uniform rates 
in an extensometer. One arm of the test-piece was attached to the movable 
crosshead and the other to a calibrated cantilever spring. The crosshead was 
driven at constant speed by means of a motor and gear train, giving a continu- 
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ous range of speeds from 5 & 10~ to 50 cm./sec., and the rate of tear propaga- 
tion was derived from the crosshead speed by Equation (6). To determine the 
tearing force, and thereby the energy for tearing from Equation (5), the deflec- 
tion of the spring was measured by means of an optical lever and scale. A 
spring, with a short period of the order of 0.01 second and approximately 
critically damped, was used. 

In the second method, shown in Figure 2b, a constant tearing force was 
applied to a test-piece by means of weights, and the rate of tear propagation 
was measured. This was effected either by measuring, over a timed interval, 
the separation of the grips, using Equation (6), or by measuring directly on the 
test-piece the distance the tear had progressed in a timed interval. Rates of 
propagation from about 10°* to 10°* em./sec. were determined by this method 
When both methods could be applied, the range therefore extended from about 
10°* to 25 cm./see. 


TIME 


Fia. 3.—Schematic tearing force-time curves for constant rate of extension of 
the test-piece: (a) and (b) steady tearing; (c) stick-slip tearing 


The test-pieces were immersed during measurement in a water or alcohol 
thermostat controlled to +1° C, so that data could be obtained over a range of 
temperature. It was found from subsidiary experiments that immersion of 
the test-pieces in the liquids had no appreciable effect on the measurements. 


TYPES OF TEARING 


Although an examination of the torn surfaces of different vulcanizates 
would suggest that there are appreciable variations in the detail of the tear 
process, for measurement purposes tearing can be classified into two main types. 
These will be referred to as steady and stick-slip, respectively, and will be dis- 
cussed initially in relation to the extensometer method of measurement, where 
the test-piece is extended at a uniform rate and the tearing force is observed 
The difference between the two types of tearing is illustrated by the schematic 
force-time curves of Figure 3. 

With steady tearing, the tearing force and rate of propagation remain es- 
sentially constant, apart from random fluctuations, once tearing has com- 
menced, The fluctuations usually reflect the nature of the tear process. For 
example, when they are small (Figure 3a), the tear is generally straight and the 
torn surfaces are smooth in appearance to the eye; when they are appreciable 


’ 


| 

a 
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(Figure 3b), the path of the tear is tortuous and the torn surfaces are rough and 
irregular. For steady tearing conditions, the tear behavior is best represented 
by average values for the energy T and the rate of propagation, and these have 
been derived from the average tearing force and the crosshead speed, respect- 
ively. It is found, as would be expected, that 7 increases with the rate of 
propagation, i.e., the energy-rate relation has a positive gradient. 

With the second type of tearing, a constant average rate of propagation can 
be maintained, but there are regular, as distinct from random, variations in the 
tearing force and rate of propagation. The tearing force fluctuates in a sequence 
consisting of a relatively slow increase to a maximum value and a more rapid 
decline to a minimum (Figure 3c), with corresponding variations in the rate of 
propagation. The fluctuations of the tearing force resemble the force fluctua- 
tions in certain frictional phenomena—hence the term stick-slip. As the cross- 
head speed is increased to give higher average rates of propagation, the maxi- 
mum value of the tearing force diminishes until a point is reached where the 
tearing reverts to the steady type. Stick-slip tearing is clearly associated with 
an energy 7 which decreases with increasing rate of propagation, i.e., with an 
energy-rate relation of negative gradient, and the transition to steady tearing 
is associated with an energy minimum (see, for example, Figure 5). The ap- 
pearance of the torn surface is again indicative of the nature of the tear process, 
the “stick” positions being marked, usually, by some surface irregularity. 

For stick-slip tearing conditions, the tear behavior has been described in 
terms of the energy 7’, derived from the maximum tearing force, and the average 
rate of propagation, derived from the crosshead speed. The fluctuations of the 
rate of propagation are frequently large under stick-slip conditions, the rate 
falling virtually to zero at one point in the cycle. Under these circumstances, 
the use of the average rate of propagation provides a qualitative description of 
the dependence of the energy for tearing on the rate of propagation, but one 
which is nevertheless adequate for most purposes. 

The constant force method of measurement cannot be used to determine 
the dependence of the energy 7’ on the rate of propagation when the energy-rate 
relation has a negative gradient (cf. stick-slip in frictional phenomena). It has 
been used to extend the range of measurement when the relation has a positive 
gradient, i.e., under steady tearing conditions. 


TEAR PROPERTIES OF GR-S AND NATURAL 
RUBBER GUM VULCANIZATES 


EXPERIMENTAL RESULTS 


The principal measurements, obtained at various temperatures in the range 
—20 to 90° C, refer to a natural rubber and a GR-S vulcanizate, each prepared 
by a conventional sulfur/accelerator cure. Other measurements to illustrate 
the effect of the degree of vulcanization were obtained with peroxide-cured 
vuleanizates. Details of the recipes and the times and temperatures of cure are 
given in the Appendix. The GR-S employed was Polysar-S, polymerized at 
50° C, with 23.5 per cent bound styrene. The results are given in Figures 4 to 7 
in the form of double logarithmic plots of the energy for tearing 7, in ergs/cm.?, 
as ordinate and the rate of propagation R, in cm./sec., as abscissa. Each plotted 
point represents the mean of several measurements on different test-pieces. 
The full and broken lines indicate steady and stick-slip tearing, respectively. 

The tensile strength, elongation at break, and elastic constants C, and C, 
for the vulcanizates A to G, as listed in the Appendix, are given in Table I. 
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TaBLe | 


Tensile Elongation 
Cs strength at break 
Vuleanizate (kg./em.*) (kg. /em.*) (%) 


A (GR-S) 1.7 23 200 
B (GR-S) 4: 0.6 15 600 
C (GR-S) of 06 13 S00 
D (GR-S) 1.3 150 
E (Natural rubber) a. 11 240 &30 
F (Natural rubber) OS 130 700 
G (Natural rubber) § 0.9 112 470 


The tensile strength and elongation at break were measured at 20° C with a 
Goodbrand tensometer, and the elastic constants C; and C, were derived from 
simple extension stress-strain measurements by means of the relation: 


f = 2Ao (Ci +A (A — (7) 


where f is the force, \ the extension ratio, and A» the undeformed cross-sectional 
area of the test-piece. Equation (7) adequately describes the stress-strain 
behavior of gum vulcanizates in simple extension in the region where the de- 
formations are reversible*. The value of C, is used here as an approximate 
measure of the degree of vulcanization. 

Results for the sulfur/accelerator cured GR-S vulcanizate A are given in 
Figure 4. Tearing is predominantly of the steady type, and it will be seen that 
the energy for tearing increases considerably with the rate of propagation 
The effect of temperature is also considerable. At — 20,0, and 25° C, a limited 
amount of stick-slip tearing is observed, as indicated by the broken portions of 
the curves. Since the tear process in this type of vulcanizate is rather erratic 
in character, the rates of propagation at which the transitions from steady to 
stick-slip and from stick-slip to steady tearing occur are not well defined, and to 
preserve continuity in the measurements, the energy for tearing has been derived 
throughout from the average tearing force, regardless of any stick-slip behavior 
The negative gradient associated with stick-slip tearing is, therefore, not obvi- 
ous; nevertheless there are weli-defined inflections in the curves at the lower 
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Fios. 4. and 5.—Dependence of the energy for tearing T (in ergs/em.*) on rate of propagation FR (in 
em./sec.) for the GR-8 vuleanizate A (Fig. 4, left) and the natural rubber vuleanizate Fb (Fig. 5, right) 
The full and broken lines indicate steady and stick-«lip tearing, respectively. The temperature, in © C, ia 
shown at each curve 
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temperatures, separating two regions of steady tearing. The inflection coin- 
cides with a change in the torn surface from a rough, irregular appearance at 
low rates of propagation to a smoother one at high rates. It will be noted that 
the inflection occurs at higher rates of propagation as the temperature increases. 
Figure 5 gives the results obtained with the sulfur/accelerator-cured natural 
rubber vulcanizate k. Tearing is predominantly of the stick-slip type. At 
20° C, the negative gradient associated with stick-slip tearing and the energy 
minimum at the transition to steady tearing are very pronounced. At tem- 
peratures from 0 to 90° C, there is also pronounced stick-slip tearing, but the 
precipitous decline of the energy T to a minimum value is not observed in the 
range of rates of propagation actually measured; it presumably occurs at some 
higher rate, a8 may otherwise be inferred from the very rapid decline of the 
tearing force during ‘slip’. Evidently the energy minimum occurs at higher 
rates of propagation as the temperature increases, as with the inflections in the 
GR-S curves of Figure 4. Where the energy minimum associated with stick- 
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hia. 6.— Dependence of the energy for tearing Fig. 7.-—-Dependence of the energy for tearing 
T (in ergs / on rate of propagation On em T (in ergs/cm.*) on rate of propagation # (in em./ 
see.) for the GR-S vuleanizates ht ,and Dat25°C sec.) for the natural rubber vuleanizates F and G at 


20°C 


slip tearing does not occur in the range of measured rates of propagation, the 
value of T at the minimum can be estimated from the foree minima during stick- 
slip. At Oand 90° C, it appears that this minimum value is less by a factor of 
about 2 than the value of 7 at low rates of propagation, and at —20° C, as may 
be seen directly from Figure 5, the factor is about 16. 

The curves of Figure 5 indicate that, for sufficiently low rates of propaga- 
tion, the energy for tearing attains a substantially constant value 7’, for a 
given temperature. ‘Tests were made in which a static load was applied to a 
partially torn test-piece and, when the load was applied reasonably slowly, no 
continuous growth of the tear was observed, unless the load was sufficient to 
provide an energy for tearing of about the value 7. It was estimated that a 
rate of propagation as low as 10-* cm./sec. would have been perceptible. Hence 
7’. represents, in practice, a critical or limiting energy below which continuous 
tearing is not observed, unless the test-piece is extended comparatively rapidly. 

Comparing the two vulcanizates A and EF of Figures 4 and 5, it will be ob- 
served that for low rates of propagation the value of T for the GR-S is consider- 
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ably lower than that for the natural rubber, and with the GR-S there is little 
evidence of a limiting energy for tearing. At high rates of propagation and low 
temperatures, however, the value of 7’ is of a similar order for both. It will 
also be noted that, at the lower temperatures, both stick-slip and steady tearing 
are observed with each vulcanizate. 

The effects of the degree of vulcanization on tear properties are illustrated 
in Figures 6 and 7. The results given in Figure 6 were obtained at 25° C, and 
refer to the peroxide-cured GR-S vuleanizates B, C, and D. As would be ex- 
pected from the trend of the tensile strength and elongation at break values of 
Table I, increasing vulcanization (increasing C,) decreases the energy for tear- 
ing, although the form of the curves remains substantially unchanged. The 
results of Figure 7 refer to the peroxide-cured natural rubber vuleanizates F 
and G, and were obtained at —20° C. Here the effects are rather more com- 
plex. Stick-slip tearing becomes less pronounced and the critical energy for 
tearing 7’. (the limiting value of 7 at low rates) is evidently reduced by increas- 
ing vulcanization. Under steady tearing conditions at high rates of propaga- 
tion, the energy T' is also somewhat reduced by increasing vulcanization 


DISCUSSION 


The conventional single tear resistance value has been replaced, in the pres- 
ent method of characterizing tear properties, by experimental curves showing 
the dependence of the energy for tearing on the rate of propagation. A single 
value for the tear resistance may be useful in cases where there is a well-defined 
limiting energy for tearing, but the experimental results show that it is not a 
complete description; in other cases a single value is inadequate. The present 


method is an appropriate one for an investigation of the tear process, and the 
experimental results indicate that the tear process and the tear resistance can 
change with the rate of propagation and the temperature. 

The experimental results may alternatively be presented in terms of the 
dependence of the energy for tearing 7’ on the rate of extension of the test-piece, 
and from this it is possible to assess the change of tear resistance which occurs 
when the force applied to a test-piece is increased either slowly or rapidly. For 
example, with natural rubber gum vulcanizates the tear resistance, as repre- 
sented by the energy 7, is high for low rates of increase of the applied force; at 
higher rates it is lower, and at still higher rates it again becomes high. In con- 
trast, the tear resistance of GR-S gum vulcanizates is low for low rates of in- 
crease of the applied force and is high for high rates 

Comparison of the results obtained with natural rubber and GR-S vuleani- 
zates shows that under suitable conditions both can exhibit steady or stick-slip 
tear behavior. Thus it appears that the differences between these vulcanizates 
are ones of magnitude and of characteristic rates and temperatures rather than 
of any fundamentally different behavior. 

As mentioned, stick-slip behavior is indicative of a negative gradient in the 
energy-rate of propagation relation. This is presumably associated with the 
presence at the tip of the tear of a strengthening structure that takes an appreci- 
able time to form, the time required being dependent (inter alia) on the tem- 
perature. In the case of gum vulcanizates, it seems plausible to identify this 
structure with crystallization, or something akin to it, produced by the high 
extension of the rubber in the neighborhood of the tip of the tear. With per- 
oxide-cured natural rubber vulecanizates, which are transparent, there is visible 
evidence of crystallization, under stick-slip tearing conditions, in the opacity 
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developed at the tip of the tear. The effect of this strengthening structure on 
the tear properties of GR-S vulcanizates is small, but perceptible. Presumably 
this type of vulcanizate may crystallize to a slight extent on stretching. It is 
interesting to note that there is other evidence, derived from stress relaxation 
measurements, that GR-S vulcanizates may show, to some extent, features 
similar to crystallization’. We should expect stick-slip behavior and a negative 
gradient in the energy-rate of propagation relation, where there is a decrease of 
the amount of the strengthening structure with increasing rate of propagation. 
We should not expect this behavior at high rates of propagation with low tem- 
peratures, where there is insufficient time for the structure to form, and the 
experimental results bear out this view. 

The description of certain features of tearing in terms of a strengthening 
structure, such as crystallization, implies that secondary forces between the 
rubber molecules may considerably influence the tear properties. This is also 
indicated by the effect of swelling and by a comparison of GR-S with a buta- 
diene-styrene copolymer of high styrene content. Thus, if a GR-S vulcanizate 
is swollen to twice its original voulme, the value of 7 at a particular rate of prop- 
agation is reduced by a factor of about 4; and for a vulcanizate with a 50 per cent 
styrene content, the value of 7 at a particular rate of propagation may be 
increased by a factor of about 10 in comparison with GR-S. 

The variation of the energy for tearing 7’ with the rate of propagation rein- 
forces the statement already made that 7 is to be interpreted as the energy 
expended irreversibly in tearing. It has been shown by the author® how this 
irreversible expenditure of energy may be ascribed to the extension and rupture 
of the rubber in the immediate neighborhood of the tip of a tear, and that 7’ is 
given in order of magnitude by the relation: 


(8) 


where d is the effective diameter of the tip of the tear and E is the work to 
break/unit volume in simple extension for the rubber. At the tip of the tear 
the rubber is in simple extension. In general, we may expect EF to vary with 
the rate of extension entailed in its measurement, and the rate of extension of 
the rubber in the neighborhood of the tip of the tear will depend on the rate of 
propagation. Thus, from Equation (8), we may expect T and E to vary in a 
qualitatively similar manner with the rate of tear propagation and the rate of 
extension, respectively, for conditions, such as steady tearing, where d is likely 
to be constant. The data of Dogadkin and Sandomirskil® and of Villars’, 
concerning the variation of tensile strength and elongation of break with rate of 
extension suggest that this expectation may well be true. 

It has also been shown by the author? that, for a natural rubber vulcanizate, 
the effective diameter d of the tip of the tear, as derived from Equation (8), is 
of the order of 10°? em. and, as might be expected, the irregularities in the torn 
surface are of asimilar order. It has been observed that, in passing from stick- 
slip to steady tearing with increasing rate of propagation, the torn surface be- 
comes smoother, which suggests that there may be a corresponding decrease of 
d. This variation of d in the stick-slip region would tend to enhance the effect 
on T of any decrease in FE with rate of extension. 


SYNOPSIS 


A method of investigating the tear behavior of rubber vulcanizates is de- 
scribed. The method, based on the tear criterion of Rivlin and Thomas, in- 
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volves the determination of the energy required to propagate a tear and its 
dependence on the rate of propagation. The type of test-piece employed and 
the methods of measuring the energy and rate of tear propagation are described 
and discussed. Two principal types of tearing, indicative of different tear 
processes, are described. Experimental results for natural rubber and GR-S 
gum vulcanizates, obtained over a wide range of temperature and rate of propa- 
gation, are given to illustrate the method. The results indicate that the nature 
of the tear process and the resistance to tearing, as represented by the energy 
required to propagate a tear, can change appreciably with the rate of propaga- 
tion and the temperature. The significance of these changes is discussed. 


APPENDIX 


The compounding details of the vulcanizates used in this investigation were 
as follows. 


Vuleanizate A BK ( 


GR-S (Polysar-8) 100 100 100 
Natural rubber (smoked sheet) 

Sulfur 

Zine oxide 

Stearic acid 

Mercaptobenzothiazole 

Diphenylguanidine 

Antioxidant 

2,2-Di-(tert-butylperoxy) butane 

Time of cure at 140° C (min.) 
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It is generally known that in the isothermal deformation of an elastic body, a 
very considerable amount of time is sometimes required for reaching an equilib- 
rium ratio between the parameters of state (deformation and stress). 

In 1867 Maxwell proposed a rather simple theory of the mechanical proper- 
ties of a body, in which the stress brought about during deformation depended, 
not only on the extent of the deformation (as in solid bodies which obey Hooke’s 
law), but also on the speed of this (as in liquids which obey the Newton law of 
viscous flow). The mechanical properties of Maxwell's elastic-viscous body 
may be described by the simple differential equation : 


(1) 


The latter relates the deformation €, the stress o and the time ¢, and it contains 
two constants: the modulus Ey, characterizing the elastic properties of a body, 
and the time of relaxation 7, which characterizes the viscous properties of the 
system, 

The physical significance of r can be interpreted in two-way. In the case 


da 
of a constant deformation stress, , 0), the time of relaxation is propor- 


tional to the coefficient of viscosity in the Newton equation for viscous flow 
de 
(Eor =). However, in the case of constancy of deformation, ( i 0), 


this quantity is the reciprocal of the constant of speed for the process of relaxa- 
tion of the stress, which is described by the equation of a first-order reaction, 


The Maxwell theory gives a good qualitative description of the mechanical 
behavior of systems which exhibit the ability to undergo irreversible (plastic) 
deformation. A quantitative verification, however, reveals marked discrep- 
ancies between theory and experiment. This is the reason why, in order to 
describe the relaxation process, we proposed, in place of the ratio in Equation 
(1), some other equations which have, however, only an empirical nature. In 
particular, Gurevich assumed 7 in Equation (1) to be a quantity which depends 
not only on the temperature, but also on the stress. Maxwell himself had 
expressed thoughts as to the possible existence of such a dependence. In a 
very general way, this hypothesis was confirmed by Aleksandrov'. Gurevich? 
does not attempt to give the theoretical basis for this relationship, but postulates 


* Translated for Resnen Cuemierny anv Tecunovoay from [saledovaniya Oblaati V ysokomolekulyar 
nykh Soedinentt, Doklady k 6-01 Konf. po Vysokomolekul, Soedineniyam 1949. pages 207 407 
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da de a 
dt dt T = 
( da as ] ) 
dt T 
|| 
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it in the form of this expression: 
ug 
KT (2) 
where ro is a constant which does not depend on temperature and stress; uo is 
the activation energy; and a is an empirical constant. 

Without dwelling in detail on the work of the latter author, we may note 
only that the successful application of the relation in (2) by Gurevich in repre- 
senting the deformation of the materials studied by him (for the case of stress 
with constant speed), gives a basis for the idea that the time of relaxation 7 in 
the Maxwell equation is a function of the stress a, and that this is an entirely 
correct and useful idea. 

In fact, according to our presentation, the relaxation of stresses in polymers 
within the time limits studied is substantially a process of rearranging the 
intermolecular bonds, with a mutual displacement of the structural elements 
in the chains. The presence of a condition of stress should speed up processes 
of this type. At the same time we conceive of stress relaxation as a combina- 
tion of two processes: (1) separately occurring acts of rearrangement of the 
separate structural elements of the chain, and (2) a continual equalizing of the 
stresses as a result of mechanical reaction between these elements. As a con- 
sequence of the latter process, a gradual lessening of the tension takes place in 
those elements which have not yet taken part in acts of relaxation, which slows 
down the first process and, as a result, leads to an increase of the relaxation 
time in the operation of the process in question. 

Turning to Equation (2), however, we are compelled to reject it purely from 
a consideration of its form. Actually, according to the equation, 7 is an odd 
function of stress. But this means that, for example, in the case of shear 
stress, a change in the direction of the action of the force should change the 
numerical value of the time of relaxation. It is plain that, in seeking the fune- 
tion between the time of relaxation and the stress, one should note the require- 
ment for an even function. An attempt to reach a theoretical conclusion as to 
the dependence of relaxation time on stress was undertaken on the basis of 
interpreting 7 as a kinetic constant in a process described by an equation for a 
first-order reaction. Actually, for the individual case of the relaxation of a 
stress where the length is constant, we derive from Equation (1) the following: 


(3) 


The expression (3) coincides, in its form, with the equation of a first-order 
reaction, in which 7 emerges as a quantity which is the reciprocal of the speed 
constant. Hence a fair approximation of the process being studied would be 
found in an equation analogous to the Arrhenius equation : 


r= (4) 
which was proposed by Aleksandroy' in particular. An indispensable condition 
for the application of Equation (4) in the process of stress relaxation under 
study, however, is the requirement that any change in the energy of the initial 
state during the operation of the process is limited by the change in the number 
of strained elements of structure, under a constant tension. 

Actually this requirement does not obtain in our case, since the structural 
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elements which go to make up the sample are found to react together me- 
chanically to some extent. An individual act of relaxation taking place in one 
of the elements of structure brings about, through this interreaction, some 
reduction of the stress in the surrounding elements which have not yet partici- 
pated in the act of relaxation, and thus the energy level of the initial state is 
continually being lowered. This lowering causes the energy of activation u in 
Equation (4), which is considered to be the difference between the energies of 
the activated and the initial state, to increase in the course of the relaxation 
process up to a certain value up which is characteristic of the equilibrium that is 
established. The increase of the activation energy, which is equal to the re- 
duction in the energy of the initial state, is determined approximately by the 
energy which is dissipated in the course of the process and equals the loss of 


Fis. 1 (No caption given; this is a diagram of the mechanical model, as 
described in the text.) 


elastic energy during relaxation. Designating the momentary value for the 
activation energy (with respect to the kinetic element of relaxation) by u, and 
the elastic energy for the same element by w, we get: 


du =— dw... (5) 


For a mechanical model to represent the relaxation properties of high- 
elasticity materials, we may adopt one of the simples kinds of models, as de- 
picted in Figure 1. This is seen to be a parallel coupling of a spring, /, with a 
mechanical element formed by a connection in series of the spring, 2, and the 
viscous element (damper), 3. The equilibrium value for stress in this model 
depends on the deformation of the spring, /, which possesses the modulus Ey. 
An excess stress value, corresponding to a system not in a state of equilibrium, 
depends on the deformation of the spring, 2, with a modulus of E,. The speed 
of the relaxation of stresses is determined, in this model, by the properties of 
the viscous element, 3, since the constant 7 which we considered earlier is now 
proportional to the viscosity of this element. 

However, we should avoid drawing too close an analogy between the model 
studied and the actual structure of a polymer. The differential equation ex- 
pressing the law of deformation for the model in Figure | is analogous to the 
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Maxwell equation, and takes the form: 


d(g — ow) E 
dt 
where 
9-d2=0 = 0; (7) 


It should be noted that the model proposed, while giving a good qualitative 
description of the behavior of polymers, leads to a distinctly incongruous one, 
quantitatively, if the time of reaction r is not assumed to depend on the stress. 

As one of us showed’, one may adopt as a law of deformation for non- 
crystallizing polymers Hooke’s law, which has been confirmed experimentally 
within a broad range of deformation. Taking the Poisson coefficient as 0.5 
(which is reasonable for the majority of polymers), it is easy to derive an ex- 
pression for the quantity of the elastic energy, as a function of the deformation 
of spring 2 in our proposed model (Figure 1): 


Woe. = — log ( + 1) 


Solving by series and using only the first term, we get: 


W epee: (9) 
spec 
In order to make a substitution in Equation (5), we must relate the energy 
to the volume occupied by the “kinetic element of relaxation”. Designating 
the latter by v, we get: 


(10) 


Substituting the value obtained in Equation (5) and differentiating with 

the assumption that » does not change in the relaxation process, we get: 

dy a - (11) 
E, 

Using the designation uy for the activation energy of the elementary transforma- 
tion (a component of the relaxation mechanism )in the absence of an excess of 
stress (0, = 0), one may integrate with a substitution of the corresponding 


limits. Since 
u 
du = — — (12) 
us 


then after integration and substitution of the value a, from the Equation (7), 
we get: 


(og — 64)? (13) 
2E, 


ug 


From this, making use of Equation (4), we have 


@ Ge 


AKT 


v-a;* 
W = = EE 
2E, 
T (14) 
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The expressions derived are different from Equation (2) in that 7 is an even 
function of the stress, and is free of the incongruity by reason of which we found 
Equation (2) unsuitable. Further, in place of the empirical constant a in 
Equation (2), we have here a coefficient in (¢ — o,)? which possesses a definite 
physical significance. Of special interest is the fact that the volume of the 
kinetic element of relaxation enters into Equation (14); since when this is not 
known, our concept of activation energy always remains somewhat indefinite 
by reason of the fact that we do not know what sort of dimensions this element, 
on which the energy value should depend, may have 

From Equation (6), for the case of relaxation of stress when the length is 
0)we get: 


de 
constant 
It 


da 
dt 
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Fic. 2.—Stress relaxation in a film of smoked sheet at an elongation of 100% and a temperature of 
22° The absciasa of the outer square represents relaxation time in minutes, that of the inner figure time 
in seconds, both ordinates represent stress in kg. per sq. cm 


The latter expression, in conjunction with Equation (14), gives the differ- 
ential law of relaxation for rubberlike polymers 

The differential equation obtained when Equation (14) is substituted in 
Equation (15) is not integrated in the final form. Solving by series, we may 
get a solution with any desired degree of accuracy ; however, for an experimental 
verification of the theory, we employed the differential law directly, having 
recourse to the method of finite differences for analyzing the experimental 
curves 

We verified the apply ability of the cone epts developed here for the case of 
several rubberlike polymers, investigating the relaxation of stresses at various 
temperatures and elongations 

The stress-relaxation curves were obtained from measurements made with a 
precision dynamometer which was constructed especially for our problem by the 


(a — da) (15) 
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TABLE 1 


CHANGE OF THE RELAXATION TIME 7 IN THE PROCESS OF STRESS 
RELAXATION. Fitm oF NaTuRAL RupBER (SMOKED SHEET) 
(ELONGATION 100%; Temperature 22° C) 


t log r 


10 sec 7.0 3.é 0.542 
1 min. 6.0 j 7.16 1.234 
8 min. 5.0 62.5 1.706 

32 min 4.0 40. 160.0 2.204 


laboratory apparatus works of the Mendeleev M.O.V.Kh.O., and is now in 
widespread use. 

Figure 2 shows a typical stress-relaxation curve for natural rubber (smoked 
sheet), which was tested in the form of a film deposited on the surface of cello- 
phane by evaporation of the solvent (benzene) from a rubber solution 

From Equation (15) we get: 


(16) 


where a, is the equilibrium value for the stress which corresponds to a given 
elongation and temperature. We determined this quantity on the dynamom- 
eter mentioned above, by a method which is analogous to the method of Meyer 
and Ferri‘. 

In the case of unvuleanized films of natural rubber the equilibrium stress 
o, is close to zero. Knowing a, we may, determine from Figure 2 the momen- 
tary values of 7 at various points corresponding to the values of the difference 
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3 The relation of + as calculated in the equation r a for stress in excess of the 


equilibrium stresm (plotted on linear and semilogarithmic coordinates 
ooo 1 = glla 
x-x-x--log = olla 
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9 — a. It can be seen from Figure 2 and the data of Table 1 how this value 
changes in the course of the process 

Furthermore, the correctness of Equation (14) ean be verified by plotting 
these experimentally found values of 7 with respect to (a9 — a,)*. For this it is 
convenient to use a semilogarithmic scale, since a logarithmic treatment of 
Equation (14) gives 


1 


( 
KT 2E,KT 


log log To —a,)? (17) 


where In 7 is a linear function of (¢ o.)*. Figure 3 shows that the experi- 
mentally derived values for log 7, plotted against (¢ o,)*, actually fall nicely 


on the straight line drawn to represent log r versus (¢ »)? 
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Kia. 4 Relation between relaxation time and Fic. 5.—Relation between the limiting 
stress in excess of the equilibrium stress, at various value for relaxation time, r*, and the ts mper 
elongations (stnoked sheet) at a temperature of 22.5 ature Smoked sheet; @ —-Brominated 
{ Phe abscissia represents this excess stress ir kg rubber: , Buna 8-3 


per sq. em. (squared 
As was already shown, we investigated various types of rubberlike polymers, 
and in all cases we found a good agreement between theory and experiment. 
Discrepancies, which apparently were due to the superimposed crystallization 
effect, were noted only in the case of natural rubber at elongations in excesss of 
400 per cent and at temperatures below 0° C 
Of decided interest is the determination of the activation energy uo in the 
relaxation process which we are studying. For this purpose, designating the 
limiting value of the relaxation time as r*, when (¢ o,)-* 0, we get the 
following from Kquation (17): 
log r* = | 
Og T OZ To + KT (] : 
Figure 4 shows the experimental straight lines obtained for natural rubber 
when stress relaxation is investigated for various elongations. Here the seg- 
ments which the straight lines intersect on the ordinate axis are numerically 
equal to the various values of log r*. 
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If we plot r* against , then according to Equation (18) we should expect 


a linear relation. A similar approach to linearity is found in natural rubber. as 
well as in a vuleanizate of butadiene-styrene rubber (Buna-S), and this is also 
found in brominated rubber, which we investigated specially. The slope of 
the straight lines of Figure 5 permits a direct calculation of the activation energy 
which corresponds to a zero value fora — a2. The calculation yields a value 
of the order of 15-17 keal. for both smoked sheet and butadiene-styrene rubber. 
As was noted earlier, the activation energy is related to a conditional gram- 
molecule, where ‘molecule’ means the “kinetic element of relaxation”. It has 
been found possible to determine the volume of this kinetic element of relaxation 
v. The latter can be determined from the slopes of the straight lines in Figures 
3 and 4, since, according to Equation (17): 


2.3 tan = (19) 


Now a direct determination of v from this equation requires that we know 
the quantity E,; we may, however, obtain the latter direetly by experiment. 
Some idea of the value of this quantity may be gained from curves of deforma- 
tion against stress, achieved with a constant speed of deformation. 


‘ de. ; 
For this case, when au ® constant, then by way of Equation (6) we may 


arrive at the equation: 
da 


+ E,) 


de 


From this it follows immediately that E = FE, + E, is determined by the 
tangent of the angle of the slope which is tangential to the curve of @ y(€) 
where €—> 0 

Having thus determined the approximate value of 2, and substituted this in 
equation (19), we were able to caleulate the volume of the kinetie element of 
relaxation v. As can be seen from the graphs in Figure 4, this quantity de- 
pends greatly on the deformation, For natural rubber at 22° and 100 per cent 
elongation it amounts to 160,000 cu. A. The quantity derived here is of the 
same order of magnitude as the volume of the kinetic element of fluidity (352.- 
000 cu. A), as caleulated by Smallwood from the viscosity of unvuleanized 
rubber. From our viewpoint this agreement bears witness to the fact that the 
molecular mechanism of the stress relaxation phenomenon which we have 
studied and the mechanism of viscous flow are closely related in their nature 

Without departing, in the present communication, from the frame of refer- 
ence of the task of giving a detailed account and discussion of the experimental 
data which we obtained, we may point out only that Equation (14) which we 
propose embraces the constants which appear to determine completely the re- 
laxation properties of the polymers for the given parameters of state and for 
the periods of observation adopted. The clarification of the dependence of 
these constants (rv, 7, £) on temperature is, in our opinion, of considerable inter- 
est from the standpoint of revealing the mechanisms of such phenomena as 
vitrification, crystallization, fluidity at high temperatures, and other peculiari- 
ties of high-elastic polymers. 


- - (20) 
de 
T 
dt 
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CONCLUSIONS 


1. The following equation is proposed : 


v 
4 
KT 


T = 


to relate the time of relaxation 7 to the value for excess stress, 0 — ¢,. In 
combination with the expression : 


Ga) 


it gives the differential law of relaxation for rubberlike materials. 

2. The physical significance of the constants (uo, v, E;) which enter into this 
equation is revealed, and a method is given for determining these values experi- 
mentally from the curves of stress relaxation at a constant deformation and from 
curves of deformation versus stress at a constant speed. 

3. With natural rubber and vuleanizates of butadiene-styrene rubber as ex- 
amples, it is shown that the equations introduced, which differ from the usual 
form of the Maxwell equation, agree quantitatively with experimental data. 

4. The values calculated for the activation energy, uo, of the rubbers men- 
tioned lie in the range of 15-17 keal./mole, while the calculated volume of the 
kinetic element of relaxation » at a temperature of 22° C, and an elongation of 
100 per cent amounts to about 160,000 cubic A. 

5. Opinions are expressed concerning the significance of the hypothesis 
developed to show a relation between the relaxation characteristics of a polymer 
and the temperature range in which it exhibits high-elastic properties. 
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Equilibrium two-dimensional deformation of the spatial network of rubber 
has been discussed in other works'.  Treloar proposed the following relation for 
uniform two-dimensional stretching*, with equal main stresses : 


go: t=G(l a’) (1) 


where ¢ is the tension, equal to the stress per unit area of the cross-section of 
stretched sheet and unit initial thickness; a is the relative thickness, equal to 
the ratio d/do, where dy and d represent the thickness of the rubber sheet before 
and after stretching; and G is the shear modulus 

Since an elastic material such as rubber shows high final deformations, it is 
necessary to take into consideration the relative stretching A. This value is 
the ratio of a linear unit in the plane of stretching after deformation to its cor- 
responding dimension before stretching. The relative stretching is related to 
the deformation and stresses by the following equations 


A =1+e where and a Af = Mt (n) 


where f is the conventional and o the true stress. Discounting the condition of 
incompressibility: a-A? = 1, formula (1) ean be transformed into: 


a 


From the formula for the elastic potential proposed by Wall, Treloar and others, 
the following relation besides Equation (2), can be derived for the one-dimen- 
sional stretching of rubber: 


At medium and high deformations, this relation shows deviations from the 
experimental data’. Figures | to 4 show that this also applies to two-dimen- 
sional stretching. The equation of uniaxial deformation, derived on the basis 
of orientation theory‘ agrees better with the experimental data® in the whole 
range of stretching. 

We shall consider the isothermic equilibrium two-dimensional! stretching of 
1 ec. of rubber, starting with the orientation theory of high elastic deformation 
The external deforming forces, F; = FP, = F, are applied in this case to | sq 
em, of the surface of corresponding sides taken before deformation, and for this 
reason are numerically equal to the conventional stress f 


* Translated for Cuemietay anp from the Kollowdnys Zhurnal, Vol. 17, No. 
pages 18-23 (1955) 
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Two-dimensional stretching from a macroscopic standpoint is uniform in any 
direction in the plane of stretching. From the molecular point of view, the 
mechanism of stretching of the separate chains is not homogeneous. In the 
direction chosen, the chains are deformed at various angles, since stretching of 
the separate chains is equally probable in all directions of the plane of two- 
dimensional stretching. For a chain stretched by the action of elementary 
stresses applied to its ends (cross-links of the chain network), the same con- 
siderations are, in general, applicable as for a chain stretched unidimensionally. 
The greater is the two-dimensional stretching of a chain which is highly en- 
tangled in the undeformed state, the more valid this assumption becomes. 
The distance between the ends of a chain, according to* is equal to 2/L (zr) where 
L is the Langevin function from the argument z = w + P # z is the number 

k-7 
of segments in the chain (z > 1); 1 is the length of a segment; w and p are con- 
stants of the rubber. 

In the structure of rubber, two chains are necessary for every cross-link®. 
Consequently, N/2 cross-links are necessary for N chains in lec. The number 
of chains necessary for 1 em. of the edge of an undeformed cube is roughly equal 
to the number of cross-links necessary for the same side. This number is equal 
to (N/2)'. 

In the deformed state, the length of the edges in the plane of two-dimensional 
stretching, numerically equal to A, can be determined as the sum of projections 
on these edges of (N/2)' deformed chains oriented in all directions. 

Hence: 


A = al ( ) cos ¢ 


where: 


cos = f 


replacing z and cos ¢ by their values, we obtain: 


2 N po 
When ao = @, the relative elongation theoretically reaches a maximum value 
Ay and L 1. It follows that 


(d) 


Thus, the maximum relative elongation A,” during two-dimensional stretching 
is w/2 times smaller than the maximum relative elongation A, during one- 
dimensional] stretching. 
Placing a 0 and A = 1 in Equation (4), we obtain?’ w = L, (. - 


Utilizing this, instead of formula (4) we have: 


The equation obtained is valid also for one-dimensional deformation, if \ and 
A, = A, represent values corresponding to uniaxial stretching. For thin 


: 
(b) 
9 
cos g dg (c) 
2 N 
A, = —al 
2 
(5) 


TWO-DIMENSIONAL EXTENSION 393 


spatial networks where A, is large, Equation (5) can be simplified to a linear 
approximation for the series: 


For unloaded low-modulus rubbers, this substitution is true up to 100-200 per 
cent deformation with an accuracy of several per cent. Hence we obtain for 
one- and two-dimensional stretching the following approximate equations: 


o = — 1) Ke; = D(X 1) De 


where the moduli of uni- and two-dimensional stretching are 


T 


Since we find the relation between the moduli 


where 


In the case of spatial networks of the lowest density, x = 1. 

Data obtained by N. M. Novikova for one- and two-dimensional stretching 
of unloaded butadiene-styrene rubber (Buna-S) are shown in Figures 1 and 2 
The data were obtained on specimens from one piece of vulcanized rubber, and 
each point on the graphs represents an individual specimen, [Equilibrium was 
reached by relaxation of stress at 70° by a method described earlier‘. In 
Figures 3 and 4 are presented Treloar’s data® for unloaded vulcanized natural 
rubber. 

In comparing the theory with the experiment, we shall first consider small 
deformations, for which the classic theory of elasticity is valid, and there is 
almost no difference between the true and conventional stress. For a strict 
confirmation of the formulas of two-dimensional deformation, it is necessary to 
determine the constants in these formulas from other independent experiments. 
Such are determinations of the modulus of one-dimensional stretching EF (line 
5 in Figure 1) and the determination of A,“ (from the tensile strength char- 
acteristics of rubbers containing an active filler, as is shown in Figure 5), both 
carried out by the authors for synthetic rubber. The method of determining 
the maximum relative stretching differs from that proposed earlier for natural 
rubber‘ in that extrapolation is used instead of a direct measurement (Figure 5), 
requiring no additional interpretation. The values obtained are: EF = 12.0 
kg./em.? and A," 10.2; hence, A® = 6.5, x 1.025; k-T/p 10,,, 1 kg./ 
cm.’. 

Formulas (2) and (3) at small deformations (a few per cent) become the 
formulas of the theory of elasticity for incompressible isotropic materials, 
according to which the following relations hold between the moduli: BE = 3G 
and D = 2E. Accordingly it is necessary to substitute the shear modulus 
G = 4.0 kg./em.? in these equations. 

Figure | gives the theoretical relations, from which it follows that Treloar’s 
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hia. 1. Data on (a) one-dimensional and (b) two-dimensional stretching of an unloaded vulcanizate 
of butadiene-«tyrene rubber (4% sulfur) at 70°C. The curves are the calculated relations: 1-~According 
to the equation for the conventional theory of elasticity when D = 24 kg./em.2. 2--Aeccording to Equation 


(5 4 According to Equation (6) when D = 19.3 kg./em.*. 4--Aeccording to Equation (2) when G = 
40 kg /em*. Aceording to Equation (5) for one-dimensional deformation 


formula conforms to the theory of elasticity and the experimental data only at 
low deformations (up to 50 per cent), but at larger deformations it diverges from 
the experimental data. Equation (5), on the other hand, agrees better with 
the experimental data at greater deformations (Figure 4) and deviates at small 
values, when D = 19.3, instead of 24.0 kg. per cc. according to the theory of 
elasticity. The inapplicability of Equations (2) and (3) at high deformations 
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Fia. 2.--The same data as in Figure |, drawn in generalized coordinates: 1-—-One-dimensional stretching 
according to Equation (3),G =—40kg/em* 2 wo-dimensional stretching according to Equation (2), 
G #47 kg/em* 3--Both types of stretching according to Equation (6), FE = 12.0 kg./em.* 
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Fig. 3.-—Treloar’s data on (a) one-dimensional stretching of vuleanized 
natural rubber at 25° C. The curves are the calculated relations: | According to the formula of the 
theory of elasticity when D = 30.4 kg./em.*. 2—According to Equation (5). 3-—-According to Equation 
(6) when D = 24.5 kg./em.*. 4— According to Equation (5) for one-dimensional deformation 


is also seen from Figure 2, where én. is plotted along the abscissa, representing: 


in Equation (2): égen, = A? — in Equation (3): tgen. = A* - in Equation 


(6) for one-dimensional deformation: ¢gn. = A — 1, and for two-dimensional 

deformation: €en. = (A — 1), where €gen. 18 €generatieed- In these general- 
ized coordinates, the data for one- and two-dimensional stretching must lie on 
one straight line, with slope, G = 4.0 for the equations of Wall and Treloar and 
slope EF = 12.0 for our equations. However, in the first case, the data on one- 
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Fie. 4.—Two-dimensional stretching of vuleanized natural rubber (a) according to Treloar's data and 
(b) after deducting the elastic component of de formation Curve 1— According to Equation (5). Curve 
2—According to Equation (2), when G = 5.1 kg. /em# 
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hia. 5.—Relation of relative length (at rupture) to carbon black content of vuleanized vutadiene-styrene 
rubber. The abecissa represents the carbon black content in percentage volume 


and two-dimensional stretching do not agree. A different value of the shear 
modulus is obtained for Treloar’s equation (4.7 .kg. per sq. cm.). This eon- 
tradicts the idea that the shear modulus is a constant for the material, independ- 
ent of the state of deformation. 

From Treloar’s data for natural rubber shown in Figure 3 (according to 
Treloar the shear modulus is 6.3 kg. per sq. em.), it follows that the modulus of 
one-dimensional stretching = 15.2 kg. persq.em. Hence the shear modulus? 
must be 5.1 kg. persq.em. and not 6.3. For this rubber under two-dimensional 
stretching, Arupture = 5.7 when Grupture = 660 kg. per sq. em. Assuming that 
A," is equal to about 6, we obtain: k-T/p 46.6 kg. persq.cm. and D = 24.5 
kg. per sq. em. Substituting these values in Equation (5), and considering 
that o = \?-t, we obtain a curve which agrees well with Treloar’s data (Figure 


15 


ie 
hia. 6. Conventional equilibrium one-dimensional (1) and two-dimensional (2) stretching of loaded 
vuleanized butadiene-styrene rubber at 70° C (relaxation time = 1 hour). 
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4). At the same time, substitution of the value G = 5.1 kg. per sq. em. in 
Equation (2) shows considerable differences between the calculated and experi- 
mental relationships. 

For practical calculations of two-dimensional deformations by stretching 
not exceeding 100 per cent, it is possible to use the approximate equation 


o0 = D(X — 1), where D = ad since x is near unity for most rubbers. In 


= 


order to verify the validity of this relation for commercial rubbers, we measured 
one- and two-dimensional deformations of a loaded (30 parts of carbon black by 
weight) butadiene-styrene rubber vulcanizate. Figure 6 gives the results, 
which show that the relation between the moduli D = 29.2 and EF = 18.6 kg. 
per sq. em. is 1.57. 

Membranes, valves, inner tubes, and other products undergo smal! two- 
dimensional deformations by stretching. However, certain rubber products, 
such as pilot balloons operate under strains up to the breaking point. Two- 
dimensional stretching to the breaking point takes place during the testing of 
latex films. In these cases, the more complex Equation (5) is applicable in 
describing such deformations. 


CONCLUSIONS 


1. With the orientation theory of deformation of the spatial network of a 
polymer as a basis, the equilibrium two-dimensional deformation of vuleanized 
rubber was calculated. Below a certain conventional! limit of stretching (about 
100 per cent), the deformation equation obtained gives an approximately linear 
relation between the true stress and the deformation. 

(2) Comparison of the formulas obtained and those of Wall and Treloar 
with the experimental data showed that (a) the Wall-Treloar theory is inap- 
plicable at high deformations (above 10-20 per cent), and at low deformations 
it conforms to the equations of the usual theory of elasticity; (b) the relations 
derived in this work describe medium and high deformations of rubber up to the 
breaking point, but deviate from the experimental! data and with the theory of 
elasticity at low deformations; however, this discrepancy is almost negligible 
for vuleanized rubbers. 

3. It is shown that, at small two-dimensional deformations (less than 10 per 
cent), it is necessary to use the equations of the conventional theory of elasticity 
for medium deformations, the equation of proportionality when a = D-e, where 


;' E (according to the theory of elasticity D = 2E), and Equation (5) at 


high deformations (above 100 per cent), 
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INTRODUCTION 


Direct chemical investigation of the degradation of polymeric networks is 
usually impracticable owing to the experimental difficulty of insolubility and to 
the fact that reaction at only a small proportion of network units is sufficient 
to cause marked alteration of network structure. Resort has, therefore, to be 
made to the measurement of physical changes brought about by the chemical 
reactions. Change of tension at constant extension is a useful measure for this 
purpose, since statistical elasticity theory predicts a direct’ proportionality 
between the tension and the number of chains supporting the stress’. 

The present purpose is: (1) to describe a stress relaxometer possessing cer- 
tain advantages over previous models; (2) to report on the stress relaxation of 
peroxide-crosslinked rubber, which can be considered from a chemical viewpoint 
to be the simplest possible rubber network?; (3) to point out some complications 
in the relaxation behavior of sulfur vuleanizates, and (4) to interpret the shapes 
of stress relaxation curves. 


THE RELAXOMETER 


The tension in a rubber strip kept at constant extension is measured by a 
helical spring in series with the strip. The length of the spring is adjusted until 
the opposing forces in strip and spring are balanced. This principle lends itself 
to a compact design of relaxometer suitable for enclosing in high-vacuum glass 
apparatus of a size convenient for immersing in a liquid thermostat (in pref- 
erence to enclosing it in an air oven). Figure | is a photograph of the relaxom- 
eter and jacket. 

A rubber strip A is held at constant extension along the lower part of the 
bar CD. The upper clamp M carries a swivel for engaging the lower end of the 
helical spring &B. The upper end of the spring is fixed to the tapped block E, 
the position of which on CD is adjusted externally by rotation of the screw- 
thread by tungsten points of the glass key F. The tension in the spring is 
taken to be equal to that in the rubber when rotation of F just lifts the upper 
clamp off the fixed pin G. This also prevents spring recoil should the strip 
break. The length of the spring is measured by a cathetometer. The spring 
accurately obeys Hooke’s law over the range of extension used, so calibration is 
unnecessary when expressing results in terms of reduced stress, f/fo. 

The apparatus is located centrally in the glass tube 7 by three phosphor- 
bronze leaf springs, which also act as heat-conducting paths to the relaxometer. 
A screw and lock-nut on the bottom of CD prevent vertical movement of the 
relaxometer in the tube. The assembly is immersed in thermostated paraffin 


* Reprinted from the Journal of Polymer Science, Vol. 18, pages 201-13 (1955). 
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oil beyond the bottom of the glass sockets. Silicone grease keeps these vacuum- 
tight. The glass key is lubricated by lithium-stearate grease’, and the occasional 
leakage after many turns of the key is obviated by the mercury sealing trough 


EXPERIMENTAL MATERIALS 
Peroride vulcanizates.— Deproteinized crepe was precipitated from solution 
to give middle fractions of molecular weight above 5 & 10° and with oxygen 
and nitrogen contents less than 0.2 and 0.02 per cent, respectively’. Di-tert- 
butyl peroxide was extracted with 40 per cent aqueous NaOH, washed, dried, 


Fig. 1.—-Stress relaxometer and reaction vessel 


and distilled ; the fraction of b.p. 109.0-110.0° at 758 mm. Hg was collected for 
use, giving nj, 1.3915, C 66.0%, H 12.4%, compared with reported ny} 1.3905? 
and theoretical C 65.707, H 12.4% 

The purified rubber was dissolved in benzene to a 1 per cent solution and 
cast as a film 0.1 mm. thick on Fluon (polytetrafluoroethylene) by 2-3 hours 
of evaporation at 60° C, in a stream of nitrogen. The film and backing were 
then sealed with 2 per cent peroxide in an evacuated tube and heated for 6 hours 
at 140° C. Strips from the cross-linked film were extracted with hot acetone 
for 16 hours in an atmosphere of nitrogen, dried, and stored in vacuo 

Sulfur vulcanizates.-Sheets of sulfur vuleanizates were made by conven- 
tional technological means. The rubber and ingredients were compounded on 
a 12-inch mill and then cured at 140° C under pressure in molds 0.1 mm. deep. 
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The thickness over the sheet was within the reproducibility of 0.01 mm. of a 
dial-gage thickness instrument, and over the smaller area of a single strip was 
probably within 5 per cent constancy (shown by the sensitive test of uniform 
width on stretching Strips 5 mm. wide were cut with paralle! knife edges. 
The two vulcanization recipes were: (1) pale crepe 100, zine oxide 3. stearic 
acid 0.5, mereaptobenzothiazole 1, sulfur 4, and (2) smoked sheet 100, zine 
oxide 5, stearic acid 1, Santocure 0.7, sulfur 2.5. They required, respectively, 
10 and 20 minutes at 140° C for optimum cure, 

Hydroquinone, pyrogallol, trinitrobenzene, and phenyl-2-naphthylamine 
were freshly recrystallized to the correct m p.’8. a,a’-Diphenyl pic rylhydrazyl 
was prepared by the method of Goldschmidt and Renn‘ Nitric oxide was 
prepared in a modified Lunge nitrometer and distilled through an acetone-CO, 
trap to an evacuated storage bulb. 


50 100 15O HOURS 
RELAKATION AT 10 ‘om Hg 


| 
RELAXATION IN AIR 
10 20 30 Minures 
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relaxation of a peroxide vulcanizate in air and in vacuo at 120° ( 


RESULTS 
PEROXIDE-CROSS-LINKED RUBBERS 


Stress relaxation in vacuo and in air.—These rubbers relaxed in vacuo at a 
rate negligible compared with that in air at the same temperature. For ex- 
ample, at 120° C the stress was reduced by 38 per cent in 150 hours at 10-¢ mm. 
Hg pressure, and in 24 minutes in air at atmospheric pressure. The logarithm 
of stress varied directly with time during relaxation at 10-4 mm. Hg, giving a 
slope of about 1/400th of that observed on relaxation in air (Figure 2). Oxy- 
gen is, therefore, necessary for relaxation as normally studied. Oxygen in this 
case does not act merely as a radical acceptor®, since other typical acceptors, 
©.g., hitric oxide and a,a‘diphenylpicry lhydrazyl, do not alter the relatively very 
slow rate of relaxation in vacuo. 

In oxygen at pressures from 107? to 600 mm. Hg and at temperatures from 


50 to 120° C, stress changed according to Equation (1) (Figure 2): 


S/fo = exp { — kt} (1) 
where f is the stress at time t. No evidence of an initial nonexponential decay 


was detected. 
A detailed quantitative investigation of dependence of rate on oxygen pres- 


19 } 
"44 > 
» 
168 a 
T 


STRESS-RELAXATION OF VULCANIZATES 101 


sure requires standardization of all the other factors influencing the rate 
Unfortunately this was not succesfully achieved, despite rigorous control over 
all stages of preparation and purification of the cross-linked material. Rates 
of relaxation of different strips at 80° C were reproducible to 20 per cent, but 
varied at 100° C by more than threefold in extreme cases. For this reason, 
only trends in oxygen-pressure dependence could be ascertained. This irre- 
producibility was minimized by varying oxygen pressure in steps during the 
relaxation of a single strip. 

At 80° C, successive decrements in pressure from 600 to 2 mm. caused no 
change of rate of relaxation, but evacuation to 10-4 mm. Hg reduced the relaxa- 
tion to the relatively low rate previously observed at this pressure. Reintro- 
duction of oxygen in stages caused resumption of stress decay at the constant 
rate (Figure 3). Oxygen concentration is, therefore, not a rate-determining 
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hia. 3.--Independence of the stress relaxation rate of a peroxide vuleanizate on oxygen pressure. Figures 
refer to oxygen pressure in mm. Hg over periods indicated. Termperature , 80° 


factor above 2 mm. Hg at 80° C. At 100° C, relaxation measurements on a 
single strip over a range of pressures was invariably prevented by sudden 
breakage of the strip at pressure above about 100 mm. Hg. Decay constants 
k of Equation (1) on a single strip up to 100 mm. Hg, however, consistently 
showed a pressure dependence, e.g. : 

mim. 

k X 10° 5.726 

mm. O, 

k 10° sec”! 30.7 31. 39.7: 76.18 165.3 


The differences in pressure dependence indicate a change in importance of 
different factors affecting the mechanism of stress decay This conclusion is 
supported by measuring rates of relaxation on the same strip at different tem 
peratures ; log k is not proportional to 1/7, as shown by the following values at 
100 mm. Hg: 

1/T X 16 2.916 2.874 2.552 2.794 

log (k 10°) 0.0855 2732 1.6051 1.5258 
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I 
Rate or Srress Revaxation at 80° C IN THE PRESENCE 
oF OLEFIN-OXIDATION RETARDERS 


Rate constants k 104 wee. 


Oxygen 
pressure No inhibitor Pyrogallol Hydroquinone  Trinitrobenzene 
(mm. Hg) added 1.7% 0.5% 14% 
4.3 5.§ 
2 5.6 5.0 a 
5 7.6 3.3 5.1 6.1 
10 8.6 2.4 5.1 5.6 
20 6.3 2.3 5.4 5.8 
5O 7.7 2.5 5.1 5.2 
100 8.1 2.4 5.0 5.6 
200 5.2 6.1 
500 6.2 


An apparent activation energy of 16.7 keal. is obtained from the results at 80 
and 90° ©, and of 10.7 keal. for the results at 90° and 100° C. 

Effect of olefin-oridation retarders.—A reduction of rate was effected by 
adding retarders of olefin oxidation (Table 1). However, the reductions of rate 
by phenolic retarders are much less than would have been anticipated by assum- 
ing a correspondence with their efficiencies in retarding olefin oxidation at these 
concentrations’. There are no comparative figures of the effect on olefin oxida- 
tion of phenyl-2-naphthylamine, which at 3 per cent concentration reduced the 
rate of relaxation to about one quarter of its original value. 

SULFUR VULCANIZATES 

Relaxation in vacuo.—The two typical sulfur recipes gave vulcanizates which 
relaxed in a vacuum of 10-4 mm. Hg and in purified nitrogen (Figure 4). 
Relaxation under these nonoxidative conditions was reproducible, and was not 
negligible in rate or extent compared with relaxation of similar strips in air. 

Degradation in air.—-Contrary to previous reports’, decay of stress, f, de- 
parted markedly from the simple exponential Equation (1). The logarithm 
of stress became linear with time only after stress had decayed by more than 
50 per cent in the case of the MBT-rubber (Figure 5), giving then decay con- 
stants k, at different temperatures: 


Temp., °C 115 120 125 130 135 140 
k see! 0.466 0.717 1.36 2.05 4.01 5.70 


These decay constants yield an Arrhenius activation energy of 32 keal./mole. 
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Fie, 4.-—-Stress relaxation of sulfur vuleanizates at mm. Hg. 


bed 
ae 
° 
125 


STRESS-RELAXATION OF VULCANIZATES 
THEORETICAL 


Before the results of the stress relaxation measurements described can be 
interpreted, it is necessary to consider the different forms the force-time rela- 
tionship can take on the assumption of different degradative mechanisms. The 
agreement of the experimental results with the theoretical conclusions on the 
basis of a particular mode of scission enables conclusions to be drawn with 
regard to the mechanism responsible for the degradation. The theoretical 
treatment of network breakdown is presented in this section; the experimental 
results are considered in the light of the conclusions drawn in the subsequent 
discussion. 


MUUTNO 


Fig. 5.—Streas relaxation in air of No. | sulfur vuleanizate 


The chains in a rubber vulcanizate may be classified as: (1) those not bound 
to the three-dimensional network (the sol fraction); (2) those bound by only 
one cross-link (the free-end fraction), and (3) those terminated at both ends by 
cross-links (the elastically effective fraction). The sol fractions in useful rubber 
vulcanizates are only of the order of 1-2 per cent, and do not exceed 5 per cent 
on relaxation of stress to the extents reported here. The fraction of chains in 
the sol can thus be neglected, as can also the number of cross-links, since their 
ratio to the number in the network is S?/(1 S?), where S is the sol fraction’. 
The free-end fraction can readily be accounted for since free-end chains are 
equal in number to twice the number of original rubber molecules 

The typical elastic and insolubility properties of vulcanized rubbers are 
imparted by the chains which are terminated at both ends by cross-links. As 
shown below, different modes of degradation of these effective chains provide 
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diagnostically different shapes of decay curves. The main two classes of scis- 
sion reactions, (1) at the crosslinks and (2) at monomer units at random along 
the chains, are treated for reaction mechanisms likely to be encountered in 
practice, More complex cases, including bond formation as well as scission, can 
be similarly treated where warranted by availability of experimental data. 


BCISSION OF CROSS-LINKS 


The relation between number of cross-links in the network. X, and the 
number of effective chains, N. is: 


where EF is the number of chains with free ends. Directly from (2): 
N/No (X/Xo E/2X.o)/(1 (3) 
le in (3) the time function derived for X/Xo from the postulated 
mechanism gives the predicted effective chains-time relation. The mecha- 
nisins chosen are first-order scission of cross-links and autocatalytic scission at, 
or determined by the position of, the cross-link (being formally analogous to 

chain scission accompanying olefin oxidation") 


(t) For first-order scission of only one chemical type of cross-link, according to 
dX /dt = kX, substitution in (3) gives: 


NV/No (exp | ~kt} — B/2X_)/(U E/2Xo) (4) 


(11) An extension to first-order scission of more than one type of cross-link 
(later shown to be consistent with relaxation of sulfur vuleanizates) gives: 


(Agexp | —kat}/Xo + Boexp { —kit}/Xo- 


E/2Xo)/( E/2Xo) (5) 
where Ao/Xo, Bo/ Xo are the initial fractions of cross-links of types A and 
and k,, are their first-order rate constants of scission. 


(ut) For autocatalytic scission of cross-links, with an initial rate ro, given 


by —dX/dt = ro + k(Xy — X) 
N/No = ((1 — ro (exp {kt} — 1)/kXo) — E/2X0]/(1 — E/2X0) (6) 


KANDOM SCISSION OF CHAINS 


Parts of this analysis have been carried out previously, but are included in 
their present context for completeness” or correction™. Changes in the number 
of effective chains with time for first-order and autocatalytic scission of mono- 
mer units at random along the chain are calculated, and also the relation be- 
tween decrease of the number of effective chains and total number of monomer 
units at which scission has occurred 

If a is the probability that a monomeric unit has undergone scission in 
time ¢, the number of uncut chains of length z is: 


= Ni o(1 — (7) 


The distribution of lengths of effective chains in a cross-linked network 
(Bueche’s" equation 1] 


= Nop(1 — (8) 
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where Ny is the total number of chains initially and p is the reciprocal of the 
average number of monomeric units In an effective chain. In more usual 
quantities, p = m/M,, where m 1s the molecular weight of a monomeric unit 
and M, is the average molecular weight between cross-links Introducing (S 


in (7) and summing for all values of x: 
N/No = p(l —a)/| (9) 


(iv) For first-order scission of monomeric units acy ording to —dM/dt = kM, 
the number cut in time ¢ is M,(1 exp | kt!). and hence a (| exp 
{—kt}). Inserting in (9): 

N/No = p/(p + exp {ht} 1) (10) 


/ 


(vy) For autocatalytic scission of monomer units following the rate equation, 
dM /dt ro + k(Mo M), and hence with a ro (exp {kt} 1)/kMo, 
insertion in (9) gives: 


ry (exp {kt} 1)/kMo) 
p+ p) ro (exp {kt} 1)/kMo) (11) 


TOTAL NUMBER OF CUTS 


Of practical interest is the relation between total number of monomeric 
units at which scission has oceurred (total number of cuts) to the number of 
effective chains cut at least once (effective cuts), since the former 18 the measure 
of degradation given by chemical means and the latter 1s re lated to the corre- 


sponding change in physical properties. For example, the number of total cuts 
calculated from stress decay may profitably be compared with the amount of 
oxygen absorbed", A previous derivation” can be shown to be applicable only 
to the hypothetical case of a network of chains of uniform length. 

The probability, a, is equal to the fraction of monomeric units cut in time ¢ 
Then, defining g as the moles of monomeric units cut per base mole 4 


Substitution in (9) and rearranging gives: 


q = - D(No — N)/p (No - V) +4 N (12) 
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Fie. 6 Decrease of elastically effective ¢ hains Kia. 7 Decrease of elastically effective chains 
by different modes of cross-link scission, according by different modes of random chain seimetor accord 
to Equations (4), (5), and (6) and these er ations ing to Equations (10) and (il Curves ila, 11b, 
neglecting the end correction (4A), 5A), and (6A and ile illustrate variations in form caused by vari 

ations in initial rate 
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DEGRADATION~TIME CURVES 


Figures 6 and 7 illustrate the shapes of the curves for log N/No versus time 
expected from Equations (4), (5), (6), (10), and (11) for the different mech- 
anisms of degradation. (This corresponds to the method of expressing the 
stress relaxation results.) Also included are curves for cross-link scission on 
neglecting the end corrections in these equations (since end corrections are 
still only a theoretical correction and their application to a degrading network 
is uncertain). The conclusion of practical value, stated previously", is ampli- 
fied, namely, that different degradative mechanisms give decay curves of 
distinetly different patterns. In particular, first-order scission of cross-links of 
one type gives a linear decrease of log N/N» with time over a considerable extent 
of reaction, and first-order scission of more than one type of cross-link gives 
curvature followed by a linear portion 


DISCUSSION 


Basic assumptions.Two basic assumptions are made in the interpretation 
of the experimental work in this paper and elsewhere: (1) the validity of the 
statistical-theory derivation of a proportionality between the force at constant 
extension, f, and the number of effective chains and (2) that the stress in a 
rubber vulcanizate at constant extension depends only on the number of the 
original effective chains which remain after degradation. Both these assump- 
tions are known to be only approximately valid. Assumption (1) is applicable 
to swollen rubbers, but only as a first approximation for dry rubbers". How- 
ever, there may be a considerable compensation for this approximation for the 
same sample of dry rubber at different degrees of degradation. It is also un- 
likely that assumption (2) holds for sulfur vulcanizates, since development of 
permanent set is evidence that effective chains are being produced concurrently 
with chain seission'®. However, despite the inadequacies of the assumptions, 
the consistency of interpretations suggests that they are still useful for a qualita- 
tive interpretation of relaxation results. 

Evidence for cross-link scission.—Throughout the extensive studies of stress 
relaxation of vulcanizates under oxidizing conditions, by Tobolsky'* and others, 
the decrease of stress is approximately exponential with time. This exponential 
decay is also obtained for the relaxation in vacuo of polysulfide rubbers!’. 
Along with the present work, there appear to be no examples of random chain 
scission, judged by the shape of relaxation curves. The close agreement of the 
relaxation of peroxide vulcanizates with the empirical exponential law is a clear- 
cut example of the simplest type of cross-link scission (Figure 6, curve 4A). 
The sulfur vuleanizates relax in accordance with the scission of two types of 
cross-links 

The great differences in rates of relaxation and response to variation of tem- 
perature and oxygen pressure of peroxide and sulfur vuleanizates are inconsist- 
ent with chain rupture, since the small amounts of cross-linking material would 
not be expected to modify so drastically a random scission process. Previous 
workers have shown that wide variation in polymer chain with a common type 
of cross-link produces only minor variation in behavior*. 

The relaxation, which depends on the presence of oxygen, would be likely 
to be associated with autocatalytic oxidation if random chain scission were 
operative, and give curves of the type (11A), (11B), or (11C) of Figure 7. 
The small effect of oxidation retarders is also inconsistent with scission associ- 
ated with the propagation steps of olefinic oxidation’. 
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STRESS-RELAXATION OF VULCANIZATES 


Tasie Il 
Fractions OF Cross-LiINKs oF Two Types aNnp Tuetr Rares oF 
ScissioNn EVALUATED FROM THE RELAXATION Data 
Temp.(° C) Ao/Xe Bo Xe ka, X108 see! ke, see 


140 0.365 0.635 4.25 5.70 
135 0.411 0.589 2.54 4.01 
130 0.397 0.603 0.793 2.05 
125 0.369 0.631 1.01 1.36 
125 0.415 0.585 0.484 0.717 
115 0.411 0.589 0.354 0.466 


Peroxide vulcanizates.—Oxygen is required for stress relaxation, since relaxa- 
tion in vacuo is negligibly slow, and can be initiated and arrested by the rapid 
addition and removal of oxygen, respectively. However, over a wide range, 
the rate is independent of oxygen concentration at 80° C, and so oxygen does 
not participate directly in the rate-determining step. Oxidation cannot be 
appreciably prior to scission, otherwise induction and decay periods would be 
detectable. Also, if oxygen simply prevented recombination after scission, 
substances such as a,a’-diphenylpicrylhydrazy! and nitric oxide in vacuo should 
be capable of acting similarly®, and the rupture of carbon-carbon bonds at 80° C 
would have to be invoked. An equilibrium complex of cross-links with oxygen 
could explain the kinetic results, but seems improbable on chemical grounds. 

The relaxation curves strongly suggest scission only at the cross-links. The 
chemical reactivity near the cross-link may be explicable by the unusual group- 
ings of double bonds and tertiary carbon atoms, but it seems surprising that all 
cross-links rupture according to a simple first-order rate expression in view of the 
number of isomeric structures possible?. It is possible that this is only an 
apparent first-order decay and that more complex decay might be observable if 
more extended reaction could have been measured. 
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Fic. 8.— Variation of stress relaxation rate constants with temperature 
No. | sulfur vuleanizate relaxed in air 
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Sulfur vulcanizates.--The shape of the relaxation curves indicates first-order 
degradation of more than one type of cross-link (Figure 6, curve 5A). Qualita- 
tive comparisons are strengthened by applying Equation (5) to the data. The 
theoretical curves of Figure 5 were constructed with values of the parameters 
given in Table II]. Specification of only two types of cross-link rupture is 
necessary, and their calculated proportions are reasonably constant. Further, 
the associated rate constants give satisfactory linearity on plotting for deter- 
mination of activation energy (Figure §). 

The activation energy calculated from the linear part of the relaxation 
curves (32 keal./mole) agrees closely with that obtained for other sulfur vul- 
canizates, including those of synthetic rubbers*. The activation energy for the 
more rapid process was less accurately determined, owing to lack of discrimina- 
tion by the data between theoretical curves with similar values of k,, but is 
within a few keal. of the same value (35 keal./mole for the linear plot of Figure 
8). This explains the persistence of curvature of the relaxation graphs to the 
game extent of degradation in the temperature range studied. At the lower 
temperatures of normal vulcanizate aging, a reversal of the relative rates of the 
processes may occur, and a satisfactory extrapolation of results to this tem- 
perature would require an accurate determination of temperature coefficients. 


SYNOPSIS 


The stress-relaxation behavior of peroxide and sulfur vuleanized natural 
rubber has been investigated, using a relaxometer of new design. The peroxide 
vulcanizates do not degrade significantly invacuo, and degrade by an exponential 
decrease of stress with time in oxygen. The vulcanizates from the two sulfur 
recipes used give stress relaxation in vacuo and more rapid relaxation in oxygen. 
A theoretical analysis provides the shape of stress-time curves anticipated for 
various modes of network degradation. The present data and other published 
results are consistent with a mechanism of scission at the cross-links and not at 
random along the chains. The peroxide vulcanizates are interpreted as decay- 
ing by a first-order scission of cross-links and the sulfur vulcanizates by first- 
order scission of two types of cross-link. The uncertainties still present in 
interpreting stress relaxation data are discussed. 
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FILLER REINFORCEMENT AND TEAR RESISTANCE IN 
THE LIGHT OF THIXOTROPY * 


R. Houwink anv H. J. J. JANSSEN 


Rosser Sricutine, 
THIXOTROPY 


A deformation is described as thixotropic! if the resistance to deformation 
decreases during the course of deformation and if the original rheologic proper- 
ties return again when at rest (reversible softening under mechanical loading 


THIXOTROPY DURING SIMPLE STRETCHING OF FILLED MIXES 


From this aspect, Mullins? considers the influence of repeated deformation 
of filled rubber mixes as thixotropy which occurs particularly with reinforcing 
fillers. Nevertheless, this type of thixotropy can be regarded as a type with a 
particularly long recovery time, where there is no yield point and where it is 
questionable where the original condition is exactly recovered. These phenom- 
ena are observed with both unvuleanized and vulcanized mixes. In the case 
of unvuleanized mixes with carbon black’, Figure la shows how the torsional 
resistance in the rotation plastometer decreases as the shearing time increases ; 
Figure 1b shows that the resistance increases again on storing at 100°C. It is 
seen here that this effect is scarcely present with the unfilled mix, but becomes 
very evident with the reinforcing fillers. Figure 2 gives a typical picture of 
vulcanized mixes‘, from which it may be seen that the decrease and increase of 
the modulus on movement or rest is linked with a decrease or increase of the 
electrical conductivity 


EXPLANATION OF THIXOTROPY IN SIMPLE STRETCHING 


I:very alteration of the mechanical properties of a filled rubber mix may be 
described theoretically as the consequence of an alteration in the state of the 
linkages. The linkages in question can be divided into three groups 


(a) Rubber-rubber 
(b) Rubber-filler. 
(c) Filler-filler 


The modulus of a filled mix is the stress necessary to achieve a definite 
elongation, and it may be regarded as the resultant of the effect of the above- 
mentioned three groups of linkage energies. In the discussion of (b), the deeid- 
ing question nowadays is whether only chemical linkages between filler and rub 
ber are present® or whether there are principally easily destroyed secondary 
linkages and perhaps, in addition, individual chemical linkages*®. Mullins again 

* Translated from Kautschuk und Gumma, Vol. 7, No. 4, pages WT 82 87 (Apr 
represents a lecture at the meeting of the German Rubber Society, ¢ ar, May 7-4, If 


is, with slight modifications, one kindly contributed to R arn ¢ 
Research Association of British Rubber Manufacturers 
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400  ¢400 


Scherzet min Ernotungszeit sid bei 100°C 


Fics. la and lb. Thixotropy in unvuleanized rubber mixes. a) During flow in the rotation plastom- 
eter, the viscosity gradually decreases. b) At rest, the viscosity returns to its original value. On the 
graphs, Drehmoment = torsional moment; Wochen = weeks; Monate = months; Scherzeit = shearing 
time, and Erholungszeit = recovery time in minutes; and Erholungszeit recovery time in hours at 100° C 


found that the modulus of these filled mixes is lowered by elongation, and he 
concludes from this that the lowering is connected with a destruction of linkages. 

In the opinion of the present authors, a new formation as well as this de- 
struction of linkages during deformation should be the explanation of this 
lowering of the modulus; since every alteration in the linkage-state, occurring 
as a consequence of a deformation, will in general facilitate a repetition of the 
deformation. Such newly formed linkages will certainly be without stress at 
the moment of the setting up, but can during the recoil take up precisely the 
stresses opposed to the direction of elongation. They will thus contribute a 
negative amount to the modulus, i.e., lower the modulus (Figure 3). Such 
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kia 2. Decrease of the modulus of elasticity of vuleanized mixes during increasing dynamic loadin 
and sulmequent increase in the state of rest. The electrical conductivity runs parallel with it (mixes with 
about SO parte of carbon black: 70° C On the graph, Dyn. Mod. = dynamic modulus; Belastungszeit 
min. * time of stressing in minutes; and Leitfahigkeit — conductivity. 
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considerations show that the assessment of modulus measurements is a highly 
complicated matter. As a contrast with this, we have the measurement of 
electrical conductivity, which tells us something unequivocally in this case 
about the destruction of carbon black-carbon black linkages. Swelling meas- 
urements also provide clear information insofar as they form «a quantitative 
scale for the destruction of linkages of definite strength. This scale can be 
matched even more finely by using various swelling agents. 
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Fia, 3.—-Rubber-carbon black mix 


(a) before 
(b) during pelongation 
(ce) after 


In discussing (c), the decisive questions are: 


(1) Whether the filler particles cohere as frameworks and whether these 
frameworks can be destroyed. Some workers’ have divided these 
carbon black-carbon black linkages into two groups of different strengths 
(breakable and unbreakable). More recent considerations® show, on 
the other hand, that presumably a continuous spectrum (that is to say, 
not two groups) of centers of attraction of different energy contents on 
the carbon black surface is present. This will make a difference in the 
coherence of the neighboring carbon black particles as well as to the ad- 
hesion to the rubber molecules 
Whether the filler particles which are separated are present in the form 
of coherent clouds’. 

(3) Whether the filler particles are completely separate, so that the me- 
chanical cohesion depends wholly on the rubber molecules 


Probably most of the rubber-carbon black bonds and carbon black-carbon 
black bonds are easily destroyed’, even at very low elongations. It is not so 
certain whether, in this case, the few high-energy bonds are destroyed 

One important question here is whether a complete loosening of the carbon- 
black particles is practicable. This is certainly not the case, and even in 
mastication the cohesion is more or less maintained. The partial destruction is 
indeed largely wiped out after vulcanization; obviously at the temperature of 
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Fia. 4.- Changes of the electrical resistance of a carbon black mix during the manufacturing process. The 
legends indicate from left to right: log of the resistance, mixed, plasticized, end of mixing, vulcanized 


vulcanization the particles find an opportunity of taking up once more the 
positions most favorable from the energy point of view. In Figure 4 this be- 
havior is represented by the alteration in electrical resistance. Dannenberg!” 
observed by means of electron microscopy that the minimum size of aggregates 
soon adjusts itself on mixing. With mixes of a Butyl rubber base it has been 
shown! that the aggregates, for more than half, have a size of 0.1 to 1.0. The 
evidence shown in Figure 4, that the electrical conductivity decreases during 
deformation and then returns once more on storage, supports the assumption 
of a framework structure on the one hand and its fragility on the other hand. 


DEPENDENCE OF TEAR RESISTANCE ON DIRECTION 


In addition to indicating the thixotropic effect, Mullins points out the 
orientation which remains permanent after the stretching and releasing of filled 
mixes, and which he measured as anisotropy in swelling in solvents. Our ex- 
periments show that this orientation can be determined accurately by the Delft 


Vordennungsrichtung 


Dennungsrichtung 
im SF Versuch 


@ © 


Fic. 5a Testing tear resistance by the Delft method (On the diagram, Schnitt is cut 
Fia. 5b Punching out the test bars in tear resistance testing in two directions by the Delft method. 
1 the tear propagates iteelf transverse to the direction of prestretching; | the tear propagates itself parallel 
to the direction of prestretching. (S.F. is tear resistance 
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tear-resistance test, which makes it possible to widen the tear in any direction 
desired". 

If the vuleanized material is prestretched before punching out the specimens, 
choosing the direetion of prestretching to be parallel with, or at right angles to, 
the eventual direction of tearing, the following phenomena are found". 


(1) Prestretching has very little effect on the tear resistance of vulcanized 
pure-rubber mixes (latex sheet or dry rubber); it is well known that, 
with mixes of this kind, even the modulus is not altered by prestretching. 

(2) Reinforeing fillers, in particular channel blacks, call for a very pro- 
nounced two-direction effect'*. In the parallel direction, the tear re- 
sistance is reduced to the figure for unfilled mixes by prestretching, but 
in the vertical direction, on the other hand, it is greatly increased, in- 
deed up to the figure for tensile strength (Figure 6b). These changes 
in the tear resistance take effect first after about 250 per cent pre- 
stretching. 


The time of prestretching has no effect on these changes of tear resistance. 
There is no reversion at room temperature. 


(3) After heating for some hours at 100° C, the vertical tear resistance once 
again assumes the same value as without prestretching. For this to 
happen with the parallel tear resistance, a few quarter hours are suffi- 
cient (Figure 6c). The same applies, as is well known, to the modulus. 

(4) After prestretching of filled mixes, the modulus in both directions is 
reduced (Figure 6d). Prestretchings over about 300 per cent do not 
reduce the modulus further. The electrical conductivity is also reduced 
in both directions. Measurements show'® that with stretching above 
300 per cent the conductivity is not further reduced. 

(5) With regard to swelling in solvents, Mullins has shown that the swelling 
capacity increases parallel to the direction of prestressing, but is dis- 
tinetly reduced perpendicular to this direction. We have measured the 
total volumetric swelling, and confirm Mullins’ supposition that pre- 
stressing gives a distinet reduction of the swelling capacity (Figure 6e). 


EXPLANATION OF THE TWO-DIRECTIONAL EFFECT 
OF TEAR RESISTANCE 


The most important observation is certainly that of Figure 6b, i.e., that with 
reinforcing fillers the tear resistance is very different after prestretching in the 
two principal directions. We are faced furthermore with a series of observa- 
tions which obviously partly contradict each other, as is evident in Table 1. 


TABLE 1 


ALTERATION OF THE Properties oF CanBON Biack Mixes in Two 
Directions as A Resu_r or PReSTRETCHING 


Alteration by 
prestretching 
Range of prestretching 


in 


Modulus below 250-3006; 
Conductivity below 250-300, 
‘Tear resistance above 250-300° 
Swelling + above 250-300°%, 
decreasing 
+ increasing 


REINFORCEMENT AND THIXOTROPY 


Ay $3) | 


Fic. 7.Diagrammatie representation of possible dispersion 
patterns of filler in rubber. 7a. Completely cross-linked strue- 
ture, as actually occurs in the powdered filler. In a carbon black 
mix this structure would show maximum conductivity. 7b. The 
structure of a, elongated. The cohesion is broken in one direction 
7c. Clouds of filler particles. 7d. No cohesion between filler par 
ticles and consequently minimum conductivity. Te. The rubber 
molecules are held firm by filler chains. 7f. The rubber molecules 
are held fast by the filler clouds. 7g. Complete cross-linking of 
filler and rubber crystallites in the stretched state 


The negative effect on the first two values would suggest a breaking-up of 
the framework. On the other hand the positive effect (in one direction) on the 
latter two values would suggest a reinforcement of the structure, 

Let us first consider the swelling. In prestretching, linkages certainly are 
broken, because rubber molecules are torn away from the carbon black par- 
ticles at certain places, but at the places left vacant, other rubber molecules 
will adhere. In this reconstruction there are no reasons for assuming the oe- 
currence of linkages richer in energy; there will be merely a regrouping. At 
the same time, according to Figure 3, certain pieces of chain may form shorter 
linkages (mainly transverse to the direction of elongation), and this may be the 
explanation of the reduction of swelling in this direction. 

We shall now attempt to interpret the alterations of tear resistance by pre- 
stretching. Figure 7a shows the structure of the carbon-black powder; the 
question is left open as to whether or not this is still present in a rubber mix to 
its fullextent. With the stretching of a filled vuleanizate we can now imagine 
certain possibilities: e.g., a8 in Figure 7b, where chain-type portions of the 
structure are left intact, in Figure 7e where clouds of filler particles are left!*, 
and in Figure 7d, where only individual particles are left. These three possi- 
bilities can be fitted into our interpretation. The sole additional assumption 
which we need to make is that, on release of the stress, the rubber molecules 
rapidly return to the unorientated condition (the entropy effect), but that, at 


415 
a ‘ 
4 


416 RUBBER CHEMISTRY AND TECHNOLOGY 


the same time, the filler particles cause a restriction according to the following 
possibilities 


(a) The filler structures remain oriented as a result of potential energy 
effects between the particles themselves (Figure 7b or c). 

(b) The filler particles hold the rubber molecules firm after the release of 
stress as a result of potential energy effects between filler and rubber. 


It is as yet not possible to decide which case we do, in fact, have here. In 
the opinion of the authors, case 7b or 7c is most probable with carbon-black 
mixes, for the residual deformation of these mixes is only about 5 per cent of the 
elongation applied. We are, therefore, inclined to assume a slipping-back of 
the molecules, which is conceivable on the basis of the loosening of linkages 
(the Mullins effect) and which, with the assumption of a new formation of 
linkages (Figure 3), will lead to internal stresses. According to this idea the 
recovery by heating (Figure 6c) would be attributable to the potential energy 
thresholds being crossed at higher temperature and also to the filler particles 
reverting to the original condition as a result of the entropy effect of the rubber 
molecules. 

Let us now consider the alterations of the tear resistance by prestretching. 
In the parallel direction the tear resistance will have decreased, because, as a 
result of the orientation of particles, there is a pronounced splitting effect. In 
the vertical direction, on the other hand, the orientation will actually act 
against the tearing, because the shearing stresses in the endangered portions are 
distributed by the carbon black particles or by the rubber-carbon black complex 
over a larger surface and, therefore, are weakened individually. The fact that 
these effects disappear again at a higher temperature (100° C) (Figure 6c) 
leads to the assumption, mentioned already, that this orientation is destroyed 
again. 

The observation (Figure 6a) that this two-directional effect does not occur 
with unfilled mixes is then understandable without more ado. The rubber 
molecules are certainly orientated likewise during elongation, but the reduction 
of entropy thereby is the reason for them returning immediately into the 
unoriented state, a tendency which they can obey quantitatively, because, 
during the deformation of these molecules, no potential energy changes come 
into the picture’’. 

If, on the other hand, we start from the known fact that grades of rubber 
(Hevea) crystallizing by elongation exhibit a much higher tear resistance than 
do the nonerystallizing, it is seen that crystallization plays a part here. We can 
picture that the tear as it progresses produces a stress concentration, which 
concentrates the effeet of the elongation over the softer amorphous regions 
between the crystallites less capable of elongation. The crystallites formed 
during the process of elongation will locally block the tearing process, and the 
more crystallites there are and the better their cohesion, the higher will be the 
tear resistance. With Buna, etc., we have the extreme case that no crystallites 
at all are present, and thus the tear will extend itself with very little resistance. 

The reinforcement of tear resistance effected by carbon black may now 
be attributed to the fact that, with elongation, structures as in Figure 7g are 
formed, whereby there is formed a continuous network of rubber crystallites 
and carbon black crystallites. The fact that the tear resistance increases in 
the vertical direction by prestretching, but decreases in the parallel direction 
may now be connected with the fact that the newly formed, and somewhat 
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resistant, linkages favor this orientation of crystallites by means of carbon black 
in the one direction and hinder it in the other. The assumption according to 
which crystallite orientation plays a decisive part in tear resistance is based on 
the observation (Table 1) that the tear resistance changes and the decrease of 
swelling begins at about 250-300 per cent prestretching, i.e., at about the 
elongation at which crystallization also becomes perceptible. 


BEHAVIOR OF VARIOUS FILLERS 


All the reinforcing fillers so far investigated give, more or less, an anisotropy 
of tear resistance after prestretching. Most of the fillers indicate a phenomenon 
which was not indicated in Figure 6, namely, that the tear resistance as a func- 
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Fic. 8. Tear resistance passes, with increasing prestretching, through a maximum, 8a. Furnace 
black. 8b. White filler, SF = tear resistance; 50 Tle = 50 parte; Vordehnung = prestreteh 


tion of prestretching passes through a maximum, as shown in Figure 8 for a 
furnace black (a) and for a white reinforcing filler (b). It appears that, on 
passing through this maximum, the mix becomes subject to internal breaking 
up. It is even possible that vacuoles are formed'*, for after heating to 100° C 
we get greatly fluctuating values for tear resistance, which often lie a good way 
below the initial values 

CONCLUSIONS 


Although the changes which filled rubber mixes exhibit on elongation repre 
sent a definite softening, we nevertheless believe that, with the collected facts 
we have shown, that this behavior involves a constructional element, inasmuch 
as a permanent resistance is built up against repeated deformation in the same 
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direction. A rubber object certainly loses a part of its rigidity in service (and 
this should be taken into account in manufacture), but it is also reinforced in a 
definite manner by the stressing. 


SUMMARY 


Rubber mixes containing reinforcing fillers may be regarded as being 
thixotropic, with a very long recovery time. The explanation of this is found 
in the destruction and the reconstruction of filler-rubber linkages and filler- 
filler linkages, which adhere to each other as a result of a continuous spectrum 
of enerc.+s of attraction. It is assumed that the rubber-filler complex becomes 
oriented during the stretching of filled mixes. With unfilled mixes, the rubber 
molecules are able to spring back again, when the stress is released, into the 
position which is mostly favorable from the point of view of entropy. As a 
consequence of the introduction of potential energies by the incorporation of 
reinforcing fillers, the rubber molecules have their mobility adversely affected, 
as a result of which a definite orientation may be maintained when the stress 
is released. For instance, after prestretching of these mixes, a significant 
increase of the resistance to continued tearing at right angles to the direction of 
elongation and a decrease parallel to this direction are found. This partial 
increase of the tear resistance, which is not encountered with unfilled mixes, 
will presumably contribute, as does crystallization, to reinforcement. This 
increase indicates that the tearing forces in a stretched mix are distributed in 
one direction over a large surface area. A series of associated phenomena are 
explained, 
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EFFECT OF THE TEMPERATURE OF POLYMERIZATION 
ON THE STRUCTURE OF BUTADIENE-STYRENE 
COPOLYMERS * 


A. P. SHeEINKER AND S. 8S. MepvepEv 


L. Ya. Karpov Screntivic Researcu Inerirrure or Puystcan U.8.8.R. 


The addition of monomer molecules to the growing polymer chain during 
the polymerization of dienes may take place in several ways. In the poly- 
merization of butadiene, the addition takes place in the 1,2— and 1,4-positions, 
In the latter case polymer chains are obtained with structural variations, e.g., 
the position of CH, groups at the double bonds is cis or trans. The resulting 
polymer chains vary in configuration. It is of interest to determine how the 
configuration is affected by different conditions of polymerization. Several! 
papers related to the subject are to be found in the literature’. 

In this work, we studied with an infrared spectrometer the compositions of 
butadiene-styrene copolymers prepared at different temperatures. Also 
determined was the content of the various configurations of butadiene links in 
the polymer chains. 

The samples were prepared by polymerizing emulsions by the dilatometrie 
method in the absence of oxygen. A satisfactory emulsion was obtained with 
a magnetic stirrer inserted into the dilatometer (Figure 1). The rotation of the 
stirrer (activated by a magnet attached to the axis of a motor under the thermo- 
stat) sucked the upper part of the liquid through the upper opening (1) and 
expelled it through the side opening (2); this assured emulsification. 

The polymerization was conducted between —15° and —38° CC. Glycerol 
was used as an antifreeze at temperatures below 0° C. For comparison, ex- 
periments were conducted in the presence of glycerol also at temperatures 
above 0° C, 

The kinetic data are given in Figure 2. The yield of the polymer is ex- 
pressed in grams per liter of the aqueous phase. By aqueous phase is meant 
the aqueous solution of the emulsifier (a mixture of sodium salts of sulfacids of 
the saturated fatty acid series with 12-18 carbon atoms) and of the initiator 
(isopropylbenzene hydroperoxide and potassium ferrocyanide). 

The kinetic data show that the yield increases with increasing temperature 
of polymerization both in the presence of glycerol and in its absence; at equal 
temperatures the yield is greater in the tests without glycerol than in those with 
it. 

The activation energy of the polymerization was determined from the 
relation of the reaction rate to temperature. In both cases the activation 
energy equals about 9 keal./mole. The rapid decrease of the rate of poly- 
merization at 38° C (unlike at other temperatures) is probably related to the 
greater speed of decomposition of the initiator at this temperature. 

The infrared absorption spectra of the polymers obtained were measured 
with the monoray Hilger recording spectrometer using a sodium chloride prism 


* Translated for Runner Cnuemieray ano from the Doklady Akademil Nauk SS AK, 
Vol. 102, pages 1143-1145 (1955). 
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The spectra were determined in carbon disulfide solution. The samples were 
prepared in the following manner. The latex produced was coagulated with 
methanol and a sodium chloride solution. The separated polymer was washed 
with hot water to remove the emulsifier and was reprecipitated several times 
with methanol from a earbon disulfide solution. The precipitation of the poly- 
mers was conducted in a stream of nitrogen. The precipitated polymer was 
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Fie. 2.--Kinetics of butadiene-styrene copolymerization at various temperatures 


a= 
with glycerol @; b = experiments without glycerol 


= minutes; Ordinate yield of polymer 


420 
j 
2 
A_ 
100 
‘ 
ed 
sil 
+2° 
|_| 


STRUCTURE OF BUTADIENE-STYRENE COPOLYMERS 


99 


567 


3000 1900 1700 1500 1300 00 900 


Fig. 3.—Spectrum of the butadiene-styrene copolymer. 


dissolved in carbon disulfide, and the solution was kept under vacuum to remove 
the residual methanol. 

The concentration of the polymer in solution varied between 16.6 and 40.9 
g./l., and was determined by weighing the residual dry solids after the carbon 
disulfide was evaporated from a known amount of polymer solution. The 
thickness of the layer used for measuring the spectra was 0.2 mm. 

The spectrum of the butadiene-styrene copolymer is shown in Figure 3. 
The number of styrene bonds in the polymer was determined by the differential 
intensity of the band in the 700 em.~' region (characteristic of the benzene ring). 
The composition of the various configurations of butadiene links was deter- 
mined by measuring the differential intensity of the 967 and 909 em.~ infrared 
bands which correspond to the trans- and the 1,2-configurations. These bands 
are related to the deforming fluctuation of the —C=—C—H bonds. The Lam- 
bert-Beer law was used to calculate the relative quantities of styrene links, 
],2- and trans-configurations in the polymer. The content of cis-configurations 
of the butadiene links was calculated by difference. 

The specific coefficient of extinction K7yo9 for the band in the region 700 em.~! 
was determined from the intensity of this band in the spectrum of polystyrene 
which had been prepared by emulsion polymerization; Kyoo = 1.7 liters/g. em. 

For the determination of the contents of the trans- and 1,2-configurations 
we used the specific extinction coefficients reported in the literature*. It should 
be noted that the results reported by the various authors vary considerably ; 
however, the relation of the specific extinction coefficients for the investigated 
absorption bands were approximately the same. Using our extinction co- 
efficient for the styrene links and the correlations taken from the literature, 
we calculated the following specific extinction coefficients: for bands in the 967 


TABLE 1 


Composition in percentage 
Of atyrene Of butadiene bonds 
Experimental 
temp. (° C) 1,2 


Experiments without glycerol 


16 
16 
15 
Experiments with glycerol 
32 53 
(42) 51 
32 54 
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em, region, 1.7 1./g. em.; and for 909 em.', 2.18 l./g.em. These figures were 
used in subsequent calculations. 

The width of the slot for measurements in the 967 and 909 em.~' regions was 
0.18 mm., and for 700 em.“, 0.40 mm. 

The calculation of quantities of the various configurations was made, count- 
ing the backdrop of diffusion which was added, not to the absorption, but to 
the transmittance. Precision of the results obtained was +2.5 per cent on the 
average. The data obtained are given in Table 1, 

The data in Table 1 show that for polymers produced without glycerol, 
increasing the polymerization temperature from 0° to 38° lowers the quantity 
of the trans-isomer by 17 per cent. Changing the polymerization temperature 
within this range, using glycerol, does not affect the composition of the polymer; 
however, in this case, the polymers contain twice as much styrene. To check 
this phenomenon, we determined the unsaturation of the polymers investigated 
by the Vasiliev method? (the action of bromine iodide on a carbon tetrachloride 
solution of the polymer). The data thus obtained are given in Table 2. The 


TABLE 2 


neaturation 
ealeulated 
from the 
amount of 

butadiene (% 


Unsaturation 
calculated for 
Experimental Presence of 1 g. of 


temp. (° ulycerol polymer (%) ©) 


79 
76 
63 
62 


93 
91 
93 
92 


results show that the unsaturation (on the basis of 1 g. of the polymer) is con- 
siderably less in polymers prepared in the presence of glycerol than in those 
prepared without glycerol. 

The unsaturation, calculated only for the butadiene links (considering the 
amount of styrene in the polymer) is identical in both cases, which corroborates 
the results for styrene obtained by the spectroscopic method. 

The relatively small variations of the amount of the various configurations 
obtained at different temperatures show that the effect of polymerization tem- 
perature on the properties of the polymer‘ can hardly be related only to the 
relationship between the cis- and trans-configurations, as has been proposed by 
some authors’, 
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SOME FEATURES OF THE KINETICS OF CATALYTIC 
COPOLYMERIZATION. COPOLYMERIZATION IN 
THE BUTADIENE-ISOPRENE AND BUTADIENE- 
STYRENE SYSTEMS * 


A. R. GANTMAKHER AND 8. 8. MepvepEv 


L. Ya. Kanpov Scientivic Reseancu Inerrrere or Puysica, Cuemisrry, 
Moscow, U.S.8.R. 


In the course of research into earbon-chain polymerization under the influ- 
ence of the acid-type catalysts, aluminum chloride, boron fluoride, stannic 
chloride, and others, a series of investigations have established the fundamental 
mechanisms of these chain processes, indicating that they have an ionic char- 
acter’. On the basis of this research, it was suggested that the active center in 
carbon-chain polymerization is a compound with a tervalent positive carbon 
atom at the end. 

The kinetics of catalytic copolymerization had not been studied until the 
present. There has been only a little work published in connection with deter- 
mining the composition of copolymers and calculating the copolymerization 
constants for the systems in question. 

We initiated some research into the dependence of the speed of catalytic 
copolymerization on the composition of the original mixture, in conjunction 
with a determination of the speeds of separate polymerization of the monomers 
involved, since a comparison of data on the kinetics of copolymerization with 
that of separate polymerization gives a more complete representation of the 
mechanism of the process. A study was made of the speed of copolymerization 
of the systems: isoprene-butadiene and styrene-butadiene, and also of the kinet- 
ics of separate polymerization of these monomers. Polymerization was car- 
ried out in ethyl chloride with stannic chloride as the catalyst, at 0° C, by the 
dilatometric method. 

During the investigation of the separate carbon-chain polymerization of iso- 
prene and of styrene, we observed an increase of the speed of the reaction with 
time, such as did not take place during the radical polymerization of these com- 
pounds. With styrene, this phenomenon was observed at temperatures of 20° 
C and above in high concentrations of styrene (about 2.5 moles/|. or more)’. 
With isoprene an increase of speed with time took place also at low concentra- 
tions of isoprene (about 0.5 mole/|. or more) at 0° C. The increase of the poly- 
merization speed of isoprene and styrene with time was not observed at low 
temperatures (—S8O0° C) nor in the presence of added hydrogen chloride*. It 
was established that this occurrence depends on an increase of the speed of 
initiation. In the course of the investigation of the copolymerization speed of 
butadiene with isoprene and with styrene, we also noted certain features of the 
kinetics of the process which are not found in the radical polymerization of 
these systems. 

According to our data, in an ethyl! chloride solution, with stannic chloride 
as catalyst, in the temperature range 0° — + 20° C, no polymerization of 


* Translated for Rossen Cuemistry ann by Maleolm Anderson from Doklady Akademii 
Nauk 8.8.8.R., Vol. 100, No. 2, pages 275-278 (1955). 
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Fie. 1 Polymerization as a function of time. The left-hand diagram shows the polymerization of 
butadiene and isoprene The right-hand diagram shows the polymerization of butadiene and styrene 
The abscissa indicates the time of polymerization in minutes; the ordinate the amounts, in moles per liter, 
of monomers polymerized 


Mong monomerod 


butadiene takes place. To make the butadiene polymerization reaction go 
with this comparatively inactive catalyst, much higher temperatures are nec- 
essary. When a hydrogen atom on the second carbon atom is replaced by a 
CH, group, the reactivity of the diene molecules markedly increases: isoprene 
polymerizes with stannic chloride at 0° and —S8O0° C. When relatively large 


amounts of butadiene are added to the isoprene (isoprene concentration, 15-20 
mole-per cent), an increase of the initial and maximum speeds is noted (see 
Figure 1A), which is due to an increase of molecular weight and of the speed of 
initiation of isoprene polymerization. (Butadiene under these conditions does 
not form initial active centers.) The addition of relatively large quantities of 
butadiene to the styrene (styrene concentration, 20 mole-per cent) causes a 
lowering of the polymerization speed of the styrene (see Figure 1B). Along 
with this, the speed of initiation of styrene polymerization decreases as well. 
During radical polymerization, the addition of a second monomer does not 
affect the speed of initiation of the polymerization of the first component in the 
system. 

We suggest that this feature of the kinetics of carbon-chain copolymerization 
is due to the fact that, in solutions of monomers, the catalyst exists in the form 
of complexes between it and the monomers. 

The catalysts aluminum chloride, boron fluoride, and stannic chloride are 
good electron acceptors. Complexes between these catalysts and molecules 
which are electron donors are well known. Complexes between stannic chloride 
and various aryl-substituted ethylenes were investigated by Skraup and 
Freundlich‘. 


TABLE 1 


Initial Initial Initial 
conen conen Conen Experi concn , Conen 
lsoprene butadiene ment styrene butadiene 


ment bo moles ‘| moles (moles no moles moles, | (moles /| 


197 0.4074 0 0.0540 224 0.4842 2.25 0.0396 
226 0.5661 2.718 0.0477 2324 0.5964 - 0.054 
237 0.5783 1.965 0.0990 
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In work which we carried out in 1945, we established that low molecular- 
weight polyisoprene and polyally! chloride obtained from polymerization con- 
ducted in an ethyl! chloride solution at —20° C, in the presence of a high con- 
centration of aluminum chloride, have a considerable amount of unsaturation 
Analyses showed that the unsaturation of polyallyl chloride is connected with 
the splitting off of HCl molecules. The complexes formed here between 
aluminum chloride and low molecular-weight polymers of ally! chloride and 
isoprene are insoluble in hexane, but quite soluble in ethy! chloride and ether. 
In the presence of a solution of complexes between aluminum chloride and 
polyallyl chloride in ethyl chloride, no polymerization of the molecules of ally] 
chloride takes place, since these are of low activity in catalytic polymerization. 

Isobutylene polymerized readily in the presence of these complexes. During 
this polymerization, the aluminum chloride migrated from the complex to the 
isobutylene molecule with the further formation of an active center. Isobuty- 
lene likewise displaced aluminum chloride from the rather stable complex which 
it formed with acrylonitrile (a complex with a 1:1 composition). In the pres- 
ence of a complex between aluminum chloride and the low molecular-weight 
polyisobutylene polymers, allyl chloride polymerized; i.e., the aluminum 
chloride-polyisobutylene complexes were less stable than the aluminum chloride- 
polyallyl chloride complexes, and the molecules of allyl chloride displaced 
aluminum chloride from these. 

We look upon the initiation in a catalytic polymerization as a reaction be- 
tween the monomer-catalyst complex and the monomer. 

The influence which one of the monomers in the system exerts on the speed 
of initiation of the polymerization of a second monomer is evidently due to the 
difference in stability of the complexes which are formed between the catalyst 
and the double bonds of these molecules. According to literature data®, the 
stability of complexes between metal ions and unsaturated molecules depends 
on the number and structure of the substituents attached to the carbon atoms 
at the double bonds. It was shown that, as the number of substituents in- 
creases, the stability of the complex decreases, as a result of the existence of 
steric hindrances to its formation. 

In the isoprene molecule, the two double bonds, which form complexes with 
the catalyst, differ from one another in that the number 2 carbon atom has an 


‘ 
electropositive substituent, CH,: The presence of 
| | 


CH, 
two electropositive substituents on one of the carbon atoms which form the 
1,2-double bond explains the low stability of its complex with stannic chloride 
and the high reactivity of this double bond. The complexes formed by the 
3,4-double bond, on the other hand, are more stable; however, this double bond 
has a low reactivity in catalytic polymerization. 

In the system, isoprene-catalyst, the equilibrium should be shifted to the 
side of formation of more stable complexes with the 3,4-double bond of iso- 
prene, a bond which shows a low reactivity in the polymerization initiation 
reaction. In the presence of butadiene, the dispersion of complexes among the 
monomers establishes a new equilibrium. The butadiene molecules form with 
stannic chloride complexes which are less stable than the complexes formed be- 
tween the catalyst and the 3,4-double bond of the isoprene, since the presence 
of the CH, substituent on the second carbon atom of the isoprene molecule 
should increase the electron density at the 3,4-double bond. 
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Thus in the presence of large quantities of butadiene, the speed of initiation 
of isoprene rises as a consequence of the reaction of displacing stannic chloride 
from its complex with butadiene to the isoprene molecule at the 1,2-position, 
with the formation of an active center. 

In the system styrene-butadiene, the stability of the complex between 
stannic chloride and butadiene is evidently greater than that of the complex 
with styrene. As was noted above, the butadiene molecule has a low reactiv- 
ity in catalytic polymerization. Hence when styrene molecules collide with 
the stannic chloride-butadiene complex, the reaction of polymerization initiation 


does not take place, since the formation of the active center SnCl,—CH,- 


CHeCH—CH,—CH,—CH—C,H, requires a considerable activation energy. 
Thus, in the presence of butadiene, the speed of polymerization initiation for 
styrene decreases. Therefore the fact that the speed of initiation in copoly- 
merization is not equal to the sum of the speeds of initiation for the separate 
polymerizations under the same condit.ons may be explained by the difference 
in activity of the complexes formed between the catalyst and the various mono- 
mers in the initiation reaction. 

The increase of the number of active centers with time, which was observed 
during the separate polymerization of isoprene and the copolymerization of 
isoprene and butadiene at 0° C, apparently depends on the individual char- 
acteristics of polymerization initiation with isoprene and on a possible change 
of the conditions of initiation in the course of the polymerization process. 
Because of the low polarity of the medium, in earbon-chain polymerization, the 
positive ion of the growing chain is always located in the field of the negative 
ion of this same chain. This is possible in the case where the short carbon 
chain of the initial active center contains not less than 4 carbon atoms. Thus, 
in the formation of an initial active center from molecules of the viny] series and 
a catalyst, two molecules of monomer should take part; in the reaction of poly- 
merization initiation for dienes (isoprene), one molecule can take part. Here 
the reaction of forming such an ionic pair in media of low polarity makes possi- 
ble the solvation of the carbon ion formed from the monomer molecules. — It is 
possible that the increase of the number of initial active centers with time de- 
pends on the formation of unstable complexes between stannic chloride and the 
internal double bonds of the polymer chain. The probability that an initial 
active center may be formed by a reaction between the weakly bonded or free 
stannic chloride, liberated in the chain scission reaction, and the molecule of 
isoprene, can be very good, if we take into account the fact that isoprene is 
capable of forming an initial active center through the reaction of one molecule 
of monomer with the catalyst; and if we also consider the high activity which 
the 1,2-double bond of the isoprene molecule has in the initiation reaction. 
However, in order to clarify the mechanism of this phenomenon, further 
experimental research is needed, 

The characteristics which we found in the kinetics of separate polymeriza- 
tion and of copolymerization of monomers in a carbon chain are based on the 
specific ionic mechanism of the catalytic polymerization. 
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MASTICATION OF RUBBER. II. INTERPOLYMERIZA- 
TION OF NATURAL RUBBER AND NEOPRENE ON 
COLD MILLING * 


D. J. ANGIER AND W. F. 


Barrisn Propucens’ Researcn Assoctarton 
Weiwyn Garpen Crry, 


WATSON 


INTRODUCTION 


The softening of elastomers on cold milling results from scission of the poly 
mer molecules by the applied shearing forces. The ruptured chains are free 


radicals, which can undergo mutual combination, interaction with oxygen and 
various additives, and branching (grafting) on to other polymer molecules. A 
general method of producing graft and block interpolymers between elstomers 
is therefore indicated, namely, to cold-mill the polymers together in the absence 
of small molecules which can terminate the polymeric radicals in order that the 
radicals may cross-terminate or graft onto the polymer molecules of the othe: 
type 

A survey of several pairs of the commercially important elastomers, natural 
rubber, butadiene-styrene, Neoprene, and butadiene-aerylonitrile, has shown 
that cold milling does effect interlinking. Detailed results for the rubber 
Neoprene system are reported in this communication. 

Experimental verification of polymer interlinking was obtained from the 
solubility properties of the milled elastomers. Cold milling of Neoprene under 
nitrogen produces gel, whereas of natural rubber does not, but the milling of 
mixtures gives gels containing natural rubber. Also, the solubilities and pre- 
cipitation of the milled mixtures cannot be accounted for by these properties 
of the individual polymers. Finally, Neoprene-natural rubber mixtures, after 
and not before cold-milling, can be cross-linked by magnesium oxide, with 
rubber bound into the vulcanizate. 


EXPERIMENTAL MATERIALS AND METHODS 


Elastomers.- Deproteinized crepe? (<0.1% N, acetone extract 1.55¢ in 
ash 0.1%) was extracted by hot acetone in a Soxhlet apparatus for 16 hours and 
dried under 10°* mm. Hg pressure just before use. Neoprene of grade WRT 
was similarly extracted by methanol and dried (analysis: C, 53.3: H, 5.65: C| 
10.0; ash 0.7%). Both polymers were wholly soluble in benzene. Mixtures of 
the desired proportions were blended by 5 passes through 12-inch rollers revoly- 
ing at 18.7 r.p.m. with 0.005 inch clearance. Such mixtures behaved virtually 
identically on mastication with those obtained on freeze-drying benzene solu- 
tions. 


Neoprene 


Gel Swelling in ge 
Mixing method per cent per cent per cent 
Mill blending 35 16 5h 
Freeze-drying 33 17 


* Reprinted from the Journal of Polymer Serence, Vol. 18, pages 120-140 
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i4 
DAYS STANDING 
Kia. 1 Rubber-Neoprene gels in benzene at different temperatures in air and under vacuum: 


( 
25° Cinair. (@&) 30° C in air 5° Cin air. (©) 25° Cin vacuo, (A) 30° C in vacuo (() 45° 
in vacus (+) 30° C in vacuo in CCl, 20° C in vacuo in CHC), 


Mastication.—An enclosed laboratory-masticator was used’. Three grams 
of mixed elastomers was milled in nitrogen in a 4-ml. volume between spiral 
scroll heads. The lower scroll rotated at 76 r.p.m., except when investigating 
variation of shear. Thermostatted water flow kept the average temperature of 
the masticating rubbers at 30° + 2° ©. 

Gel on mastication. Mixtures of undegraded rubber and Neoprene dissolved 
in benzene within two days. Mixtures that had been masticated in air dis- 
solved more rapidly, going wholly into solution within a few hours. In con- 
trast, mixtures that had been masticated in nitrogen contained a fraction of the 
polymers which was readily soluble, and a fraction which remained swollen 
with solvent but possessed sharp boundaries with the liquid phase. 


Fie. 2 Degradation of gels in benzene under air: ( Neoprene milled 100 min Dp) 75% Neopt 
25% rubber milled 100 min., (@) 50% Neoprene/50% rubber milled 60 min (@) 25% Neoprene 
rubber milled 20 min 
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It had to be established that this insolubilization on mastication was the 
result of production of a chemical network, or gel, and not of a mere entangle- 
ment of polymeric chains. For this purpose, the stability of the gel with time 
in benzene was tested at three temperatures in the presence of air and on 
evacuating to < 10°? mm. Hg pressure, and the gel content in benzene com- 
pared with that obtained in carbon tetrachloride and chloroform (Figure 1), 
Total dissolution of gels floating in carbon tetrachloride and chloroform in the 
presence of air occurred within 28 days. The rapid dissolution to constant gel 
content in the evacuated samples shows the reality of the gel, and is inconsistent 
with a disentanglement interpretation. Further, these gels had compositions 
within the narrow range of 71-73 per cent Neoprene, whereas the samples in air 
diverged from this composition to greater than SO per cent N¢ oprene after 28 


TABLE | 


Initial Per cent Neoprene in gel on standing 
per cent Minutes of 
Neoprene mastication 4 7 


62 


days in benzene at 25°C. Gel swellings in air also increased from the constant 
value of 14 obtained with the evacuated samples to 20 after 21 days at 45° C. 

In order to standardize determination of gel contents without rigorous 
exclusion of air, gels of a range of composition were kept for varying times in 
benzene (Figure 2). In all cases, dissolution of the sol fraction was sensibly 
complete within four days, and thereafter gel content decreased slowly. The 
fraction of Neoprene in the gel increased on standing, as illustrated by the data 
in Table I, 

The following technique for gel determination was adopted. Samples of 
milled elastomers of approximately 0.25 grams were immersed in 25 ml. of 
benzene in 1-inch diameter test-tubes closed by ground-glass stoppers and kept 
for 5 days at 30° C, with occasional inverting. The sols were decanted through 
lens tissue, 10-ml. portions of the filtrates in conical flasks were evaporated 


Il 
Per cent gel 
30 35 56 12 51 61 
26 33 10 40 1s 56 


down and dried to constant weight within four hours in vacuo. (Freeze-drying 
confirmed the reliability of this more rapid procedure.) Gel contents were 
calculated from sol concentrations. Gels were surface-dried by filter paper and 
were weighed swollen and after drying to give degree of swelling in gram of 
solvent per gram of dried gel, correction being made for soluble elastomer in the 
swollen gel. The composition of the dried sol, and hence of the gel, was 
determined by microanalysis for chlorine. Reproducibility of gel contents on 
repeat mastications were within 5 per cent, as illustrated by the figures in 
Table II for gels varying in composition from 20-60 per cent Neoprene. 
Selective precipitation of sol fractions.-F ractional precipitation of Neoprene 
and rubber by alcohols and ketones from benzene and chloroform solutions 
gave overlapping ranges of precipitation. An alternative method, termed here 
“selective precipitation’’, of demonstrating changes in solubility properties on 


75 100 SS bate! 
DO 60 5S 72 77 
25 20 20 35 
Peres 
a 22 
b 20 
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forming block or graft copolymers was therefore adopted. Conditions were 
chosen for the precipitation of only one of the elastomers, using a precipitant 
which was a solvent for the other elastomer. Evidence for interpolymerization 
was thereby gained when a proportion of an elastomer remained partially 
soluble under conditions where it would normally precipitate, or was precipi- 
tated under conditions in which the unmodified elastomer would have remained 
soluble 
III 


Concentration 


A solution Petroleum ether 
Neoprene) n added (ml.) 5 35 


1.00 [1.08 


% precipitated ( 97 
1.00 1.08 % precipitated 95 96 
1.00 0.47 “> precipitated 7 92 
0.75 1.08 precipitated 95 
0.50 1.08 precipitated 96 
0.25 1.08 % precipitated j { 91 


Neoprene in 50:50 benzene: petroleum ether (b.p. < 40° C) was precipi- 
tated by further addition of petroleum ether. After the addition of an equal 
volume of petroleum ether, no significant increase of precipitate occurred. 
The average molecular weight and concentration of the Neoprene had only a 
small effect on the fraction precipitated. The data in Table III are typical for 
the precipitation of Neoprene from 25 ml. of solution. Mixtures with rubber 
yielded similar fractions of Neoprene precipitated, the identity of the precipi- 
tate as wholly Neoprene being established by analysis. At the onset of pre- 
cipitation, a small amount of rubber was coprecipitated, but redissolved on 
further addition of petroleum ether: 


Petroleum ether added (ml! 5 15 20 


Neoprene precipitated (%) : Ob 96 
Rubber precipitated (%) ‘ <0.5 <0.5 


The selective precipitation of rubber was less quantitative than that of 
veoprene. The solvent mixture chosen was 45:45:10 of benzene: methylethyl 
ketone: acetone, and methylethyl ketone was used as selective precipitant 
The molecular weight had a marked effect on rubber solubility; the following 
results are of precipitations from 25 ml. of 1 per cent solutions: 


Methylethy! 


3.85 precipitate 77 St 
1.06 precipitate 52 5S 62 65 


An initial coprecipitation of Neoprene occurred, as shown for a 50:50 mixture of 


clastomers 


Methylethyl ketone (mi 30 


Rubber precipitated 86 S4 
Neoprene precipitated 14 3 
lor all the precipitations recorded later, at least two determinations were 
made with different amounts of precipitant in the range where further increase 
in precipitant caused no experimentally significant increase of amount of pre- 
cipitate 
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INTRINSIC VISCOSITY 


4 4 


1s 45 60 
MINS MASTICATION 


Fie. 3.—- Intrinsic viscosity—mastieation under air and nitrogen 
(@) Milled under air, (©) Milled under nitrogen 


EXPERIMENTAL RESULTS 


Viscosity changes on milling natural rubber under nitrogen.—The intrinsic 
viscosities of natural rubber decreased after masticating under nitrogen, al- 
though at a slower rate than on masticating in air (Figure 3). These viscosity 
changes were reproducible, and therefore not attributable to residual oxygen, 


The slopes of the viscosity-concentration curves yielded constant values of the 
Huggins’ “interaction constant‘, k’, on masticating in air, and higher values on 
masticating in nitrogen (Table IV). Mastications up to 24 hours at rubber 
temperatures from 0 to 70° C gave no gels 

Gel on milling rubber-Neoprene miztures.— The production of gel on milling 
rubber-Neoprene mixtures in nitrogen is illustrated in Figure 4. The properties 
of the gels are recorded in Table V.. Neoprene remained wholly soluble for up 
to 40 minutes’ mastication, after which gel was rapidly produced until it com- 
prised 80 per cent of the elastomer after 2 hours’ mastication. Increasing 
amounts of natural rubber, up to 75 per cent, reduced the period to the gel 
point to about 5 minutes. Gel increase after the gel point was slower than 
with Neoprene alone. The trend of gel swelling was to higher values with 
increase of proportions of rubber in the mixtures. Most critical evidence for 


Taste 


InrRiINsIC Viscosiries AND Huaains’ Inreraction CONSTANTS FOR 
Derproreinizep Creek Masticarep iN AND IN 
In air In nitrogen 


Minutes of - 4 A 
mastication f 


431 
40 
30 
20) 
4 
10 
0 4.05 0.53 1.05 0.55 
1 3.42 0.47 
3 2.29 O45 0.52 
15 1.47 0.45 2.19 0.54 
60 1.21 0.44 1.67 0.58 
360 0.93 0.45 1.44 0.58 
960 1.41 0.60 
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40 
MINS MASTICATION 


Via. 4.--Gel contents on mastication of mixtures of rubber and Neoprene: (©) Neoprene, (©) 75% Neo- 
prene/25% rubber, (>) 50% Neoprene/50% rubber, (@) 25% Neoprene/75% rubber 


interpolymerization was the presence of appreciable amounts of rubber in these 
gels, in some cases considerably greater amounts than of the Neoprene origin- 
ally present (Table V). 

The data of Table V indicate that gel contents on prolonged mastication are 
less when rubber is present. This has been confirmed for a 50:50 rubber: 
Neoprene mixture, where gel contents reached an approximately constant level 


after 4 hours’ mastication. The composition and swelling of the gel also did 
not vary systematically after this period of mastication: 


Hours of tomstication 
Gel 1s 51 
Gel swelling 4 
Gel composition Neoprene) f 58 


Taste V 
Prorverties ON MILLING RuBBER-NEOPRENE 
at 30° C unpeR NITROGEN 
Klastomer Minutes of mastication 
(% Neoprene Gel property j 100 
100°; gel 61 
Gel composition 
“, Neoprene 100 100 
Gel swelling ‘ 1] 3 
Gel composition 
“ Neoprene f 7 f j 85 
Gel swelling j 
gel 
Gel composition 
©), Neoprene 
Gel swelling 
gel 
Gel composition 
Neoprene 
Gel swelling 
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Taste VI 
Errect or Rate oF SHEAR ON ConrTENT 
(Shear varied by speed of masticating rotor) 


Gel with 
% Gel with 75% Neoprene % Gel with 
Minutes of 50% Neoprene mixt. mixt 100% Neoprene 
tion 76 137 137 76 137 380 
20 16 33 K 31 0 87 
40 29 38 j 39 0 SN 
60 51 51 7 73 ‘ 3s v2 


The effect of rate of shear is as expected, i.e., gel forms more rapidly with 
higher rates of shear (Table VI). Gel compositions and swellings were similar 
to those in Table V at comparable gel contents. 

Selective precipitation of sol fractions.—Selective precipitation of sol fractions 
from 50:50 rubber: Neoprene mixtures after different extents of mastication 
under nitrogen showed that the polymers had undergone modification affecting 
their solubility properties. Smaller fractions of the Neoprene in the sol became 
precipitated with the extent of milling under nitrogen, in contrast with the 
unaltered precipitation after milling in air (Figure 5). The visible character- 
istics of the precipitation of the sols also changed markedly. Solutions of un- 
masticated mixtures in 50:50 benzene: petroleum ether remained almost clear 
before and after precipitation of the Neoprene. The sol fractions of heavily 
masticated mixtures, however, were turbid even in 50 per cent benzene solutions 
and became so turbid with further additions of petroleum ether that precipita- 
tion could not be visually observed at any stage. Analysis of the precipitates 
revealed that no rubber was precipitated with the Neoprene. 

On the other hand, selective precipitation of rubber in milled mixtures 
carried down appreciable amounts of Neoprene (Table VII). The rubber pre- 
cipitations were complicated by the effect of the molecular weight on its solu- 
bility. Longer periods of mastication gave a decrease of rubber precipitated, 
perhaps ascribable merely to decrease of molecular weight. However, the 


NEOPRENE PPT 


MLS PET ETHER ADDED TO 25 MLS PORTIONS 


Fig. 5.—Selective precipitation of Neoprene with petroleum ether Neoprene: (&) unmilled, (0) 
highly degraded. Initial 50-50 Neoprene-rubber mixture: (4) 2 bre. in air, (@) 50 min. under Ny Bite 
under Ns (()) 2 hrs. under Ns (7) 6 bre, under Nz (©) 12 bre. under Nz (>) 12 brs. under Nain Banbury 
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Tasie VII 


SELECTIVE PRECIPITATION OF RUBBER-NEOPRENE SOLS 
BY Ketone 


Bol 
Initial compontion 
Y, Hours of {9} of % rubber Neoprene 
Neoprene mastication Neoprene sol ppt ppt 
0 in nitrogen 1.07 65 3 
44 0.83 in nitrogen 37 1.02 77 15 
HO in nitrogen 1s 1.00 14 
DO 2 in nitrogen 47 0.96 70 23 
2 in air 0.78 64 2 


differences in turbidity and precipitation after milling for 2 hours in air and in 
nitrogen were marked (Table VII). 

Cross-linking of the Neoprene component of milled mixtures.—50:50 Neo- 
prene rubber mixtures were subjected to different extents of mastication in a 
laboratory-size Banbury mixer: (1) masticating for 10 minutes under nitrogen 
to homogenize the two elastomers, with minimum degradation or other reaction; 
(2) masticating for 2 hours in air, with the temperature of the rubber raised to 
~55° © by internal friction; (3) masticating for 12 hours under nitrogen with 
the temperature of the rubber at 60-70° C. The mixtures were then treated 
similarly to cross-link only the Neoprene component The resulting networks 
contained bound rubber only after masticating under nitrogen (Table VIII). 


Taste VIII 


Sou Fractions or 50:50 Neoprene: Mixtures 
(ROSS LINKED BY MaGnesium 


>» soluble in 


Y Rubber 

Minutes at Petroleum bound in 

System 140° ¢ senzene ether network 
(i) 10 0 
(i) 120 is 17 <2 
(41) 55 53 0 
(i) 120 0 
(iti) Ww) 37 35 28 
(in) 120 56 26 


The receipe used for cross-linking only the Neoprene in 100 parts of elastomer 
mixture Was 4 magnesium oxide, 5 zine oxide, 0.5 stearic acid, and | hexamethyl- 
enetetraming Cross-linking was carried out at 140° C for 40 and 120 minutes 
ina conventional rubber mold. Only the vulcanizate after nitrogen milling, 
mixture (4), retained the shape of the mold cavity and exhibited the elasticity 
of a typical vulcanized rubber. The vulcanized mixtures were suspended in 
benzene and petroleum ether for 7 days at 30° C, and the fraction of the 
elastomers in the sol was determined. Analysis confirmed that the sol frac- 
tions were only of natural rubber. 


DISCUSSION 


The compositions of the gels, the solubilities of the sol fractions, and the 
incorporation of rubber in the network on cross-linking the Neoprene by 
magnesium oxide provide streng evidence that graft and block copolymers of 
natural rubber and Neoprene are formed on masticating under nitrogen. These 
three topics are discussed in the following sections. 
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Branching and gelation reactions on mastication.—In earlier work, no marked 
changes in the solid or solution viscosity of the rubber were observed after 
masticating in nitrogen'. This was ascribed to predominant mutual combina- 
tion of the radicals produced by shear. With the more efficient shear of the 
small masticator (or in a fully loaded Banbury mixer), the viscosity on milling 
under nitrogen decreased markedly (Figure 3). The additional mode of radical 
termination now becoming significant must be partly termination by other 
polymer molecules, since the higher value of the Huggins’ interaction constant, 
k’, on masticating in nitrogen compared with masticating in air denotes appreci- 
able branching*. This branching process does not lead to gel formation within 
wide time and temperature range of mastication. 

A chemical interpretation of this branching reaction is suggested from the 
known ease of abstraction of hydrogen atoms from rubber molecules by free 
radicals. If the primary radicals, e.g., I, formed by shear rupture are termi- 
nated not only by combination’ but also partly by abstraction of a methyleni 
hydrogen atoms from rubber molecules’, e.g. : 


CH, CH, 


CH, 


(Hh) 


the secondary radicals, e.g., I, are likely to be terminated by combination with 
other primary and secondary radicals. In this way a trifunctional and tetra 
functional network is produced. 

The following analysis’ shows that this simplified mechanism should lead to 
gelation: Let p = the number of free ends of the initial rubber molecules, q 
and qo = the number of trifunctional units and tetrafunctional cross-links 
respectively, and a, and a, = the probabilities that a chain end is at a trifun 
tional or tetrafunctional cross-link, respectively. As one and two free ends are 
produced, concomitant with each trifunctional and tetrafunctional point, 


respectively ; 


gelation will occur® if: 


that is, if: 
64, + 124% 
p+ Aq + 642 


The gelation condition of (3) ean clearly be satisfied with continued mastication 
to attain required values of g; and q2. Where tetrafunctional branching can be 
neglected compared with trifunctional, substitution of the value of a = 4y 
‘(p + 4q;) in Flory’s analysis (Equations 5 and 12 of Flory’) of trifunectional 
branching gives the distribution of chains with respect to network complexity 
and molecular weight 

This mechanism of branching gives no change of number-average molecular 
weight. Osmotic molecular weights on masticating natural rubber under 


id 
(1) 
= 
a - and (1) 
pt hy p+ 4 
2a; + ba, | (2 
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nitrogen do, however, decrease’. Radicals produced by shear are then not 
exclusively terminated by combination or hydrogen transfer with polymer. 
The further termination is plausible by small amounts of oxygen or other ad- 
ventitious radical acceptor. This may explain the absence of gel, since another 
term is introduced in the denominator of (3) for these free ends. 

In contrast with natural rubber, Neoprene and most other common syn- 
thetic elastomers undergo gelation on masticating in nitrogen. An obvious 
chemical reaction which readily produces gel is the addition at double bonds of 
the Neoprene. Radical attack at the double bonds of Neoprene, but not of 
natural rubber, is not unlikely due to the enhancement of reactivity by the 
electron-releasing chlorine substituent, as exemplified among other cases by 
the ready polymerization of vinyl chloride compared with propylene. 

Considering gelation of rubber-Neoprene mixtures on masticating under 
nitrogen, the several factors involved preclude a detailed discussion of mech- 
anism. Three features of the over-all process may be interpreted qualitatively : 
(1) the higher amounts of rubber in the gels just after the gel point than at later 
extents of reaction; (2) the more rapid onset of gelation with greater amounts of 
rubber present; and (3) the attainment of a limiting gel content that is greater 
with increasing amounts of Neoprene. Features (1) and (2) are in line with 
the higher initial viseosity of rubber than Neoprene, its longer chain length, and 
more ready rupture by shear into radicals. Factor (3) is expected from the 
mechanism already discussed of a direct termination of a fraction of the radicals 
proceeding concurrently with gelation”. 

Solubility of the sol fractions.—The usual method of detecting graft or block 
copolymerization is by fractional precipitation with a precipitant capable of 
almost quantitative precipitation of both polymers and with a measurable 
interval in titer between the end of precipitation of one polymer and the begin- 
ning of precipitation of the second". Graft polymers normally precipitate in 
thisinterval. It is not always possible to find suitable precipitants, as with the 
Neoprene-rubber system. Accordingly the method of selective precipitation 
was adopted. It has the advantages, at least with elastomer systems, of wide 
applicability and no precise adjustment of solvent composition. 

Experience with fractional precipitation is that the noncopolymeric (free) 
fraction of the most insoluble polymer is first precipitated, and then there is a 
sharp change of solubility for copolymers with even a very low fraction of the 
more soluble polymer. Similar findings have been obtained with selective 
precipitation by a precipitant which is a good solvent for the other polymer, as 
with petroleum ether as precipitant for Neoprene. No copolymeric material 
is precipitated, as shown by the absence of rubber in the precipitate. The 
petroleum ether can, therefore, be pictured as sufficiently solvating the rubber 
fragments to maintain the collapsed Neoprene chains in solution. 

If a good solvent for Neoprene but precipitant for rubber had been found, a 
similar precipitation of only free rubber would have been expected (as will be 
reported later for rubber-butadiene-acrylonitrile systems using acetone). 
However, methylethyl ketone precipitates an appreciable fraction of the co- 
polymeric Neoprene (Table VII). Methylethyl ketone is a poor solvent for 
Neoprene, and so presumably cannot solvate the Neoprene fragments to such 
an extent as to maintain the collapsed rubber chains in suspension. Estimation 
of copolymeric rubber is further complicated by the incomplete precipitation of 
free rubber by the ketone. 

The amount of Neoprene in the copolymer is readily calculated. Control 
experiments have shown that 95 per cent of the Neoprene is precipitated by 


i 
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petroleum ether, independent of both molecular weight and concentration 
within the ranges used. Therefore this small correction to the precipitation 
levels of Figure 5 give the fractions of free Neoprene 

Selective vulcanization of the Neoprene.—Prior graft-copolymer formation 
provides a means of incorporating natural rubber into the network on cross- 
linking only the Neoprene. The rubber is attached at only one end of each 
chain to the network. This unusual network structure may possess interesting 
physical properties. 


SYNOPSIS 


Graft copolymerization of rubber and Neoprene has been effected by cold 
mastication. Experimental evidence is based on the properties of the gels 
produced, solubilities of the sol fractions, and vulcanization of the Neoprene 
component by magnesium oxide. Mechanisms of branching and gelling of 
Neoprene and rubber-Neoprene systems are discussed. The utility of selective 
precipitation for the detection of graft polymers is outlined. 
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X-RAY DIFFRACTION STUDIES OF CRYSTALLIZATION 
IN ELASTOMERS * 


Leroy Kk. ALEXANDER, STANLEY OHLBERG, 
AND G. Russe_, TAYLOR 


Inerirere, Prrresunau, 


GENERAL PRINCIPLES 


The constancy of the total x-ray scattering by « substance, regardless of its 
degree of crystallinity, has been demonstrated theoretically and experimentally’, 
This principle forme the basis of current x-ray diffraction procedures for meas- 
uring the crystalline and amorphous fractions of polymers and other partially 
crystalline materials. Although the determination of the total erystalline and 
nonerystalline x-ray intensities is a formidable experimental operation, accept- 
able simplifications can be devised for most substances. For example, natural 
and synthetic fibers can be sampled in such a way as to randomize the orienta- 
tions of the erystalline and amorphous regions, thereby making possible a satis- 
factory measure of the crystalline and amorphous x-ray scattering to be ob- 
tained from a single radial section over a limited angular range?. The amor- 
phous fraction f, of partially crystalline polyethylene can be measured directly 
by comparing the amorphous intensity of a radial section below 26 = 60° with 
that of a melted reference specimen. The crystalline fraction is then found by 
difference’, f, | f,. Asomewhat similar procedure is applicable to elasto- 


mers Of technological interest because the completely amorphous reference 
specimens are available in the form of the unextended elastomers at room tem- 
perature, Thus, noteworthy success has been achieved in determining the 


amorphous fraction of natural rubber specimens by comparing the intensities of 
radial sections through the amorphous halo for the partially crystalline and 
totally amorphous specimens*. As in the case of polyethylene, the crystalline 
fraction is determined by the difference f, 1 —f,. It should be emphasized 
that these investigations of natural rubber have made use of the additional 
assumption, evidently justified, that the properly corrected peak intensity of a 
radial section through the amorphous halo is proportional to the total amor- 
phous x-ray seattering by the specimen. 

Unlike the erystalline phase, the amorphous phase of an elastomer scatters 
x-rays coherently over the entire range of solid angles, 4a, which is to say, at all 
radial angles, 20, and at all azimuthal angles, @ (refer to Figure 1). Hence, it 
is apparent that any useful method of measuring the amorphous intensity must 
confine itself out of practical necessity to some restricted angular range which 
can be shown to be, or with good reason assumed to be, representative of the 
whole. The principal amorphous diffraction halo, which is generated mainly by 
radial veetors between adjacent molecular chains in elastomers, is a suitable 
subject for measurement because its integrated intensity bulks so large with 

* Reprinted from the Journa ipplied Vol. 26 » pages 1068-1074, Beptember 1955 
This paper is based in part on material of High-Polymer Physies of the 
Amerncan Physical Society, Haltimore, Maryland, March | | The work was performed as part of 


the research project sponsored by the Federal Facilities Corporation, Office of Synthetic Rubber, in con- 
nection with the Government synthetic rubber program 
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respect to the total amorphous scatter that the size of possible errors due to any 
lack of representativeness® is very limited, and, furthermore, it can be measured 
with much better accuracy than other portions of the amorphous pattern. On 
the other hand, it is important to remember that any preferential orientation 
of the molecular chains comprising the amorphous regions of an extended elasto- 
mer will produce an azimuthal redistribution of intensity in the amorphous halo 
Such a development would obviously invalidate estimates of the amorphous 
fraction that are based on a radial section through the halo at only one azimuth 
The measurements of crystallinity in natural rubber reported to date have 
depended tacitly or expressedly on the immutability of the amorphous intensity 
distribution when extension and crystallization take place. That this assump- 
tion is well founded has been confirmed by at least one precise experimental 
investigation®, 

Figure 1 gives the conventions to be employed in describing the sample 
orientation in relation to the diffraction pattern. With the extension axis 
vertical as shown, azimuthal angles on the diffraction pattern are measured 
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EQUATOR (0°) 
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Kia. 1 X-ray seattering by the amorphous phase of an elastomer 


from the horizontal axis, which will be designated the equator. The azimuth 
of the meridian, which coincides with the direction of extension, is then 90 
Figure 2 shows the x-ray diffraction patterns produced by a 5° C polybutadiene 
specimen at elongations of 0 and 535 per cent and at the temperatures 25° and 

15°C. At 25° there is unmistakable evidence of molecular orientation in the 
form of an intensification of the amorphous halo at the equator Mic rophoto 
meter sections at various azimuths show the meridional intensity to be less than 
three fourths that of the equator. The absence of any erystalline diffraction 
effects confirms that this azimuthal redistribution of intensity is, indeed, the 
result of preferential orientation of the molecular chains in the amorphous 
regions. This intensity redistribution is also present, but less conspicuous, in 
the pattern prepared at —15° and 535 per cent elongation, which, in addition 
contains the familiar doubled diffraction sickle on the equator produced by the 
oriented crystalline regions at moderate extensions’. At higher extensions the 
two components of the sickle coalesce on the equator. The unextended speci 
men at 15° © shows in addition to the amorphous halo a sharper Debye- 
Scherrer ring, which is produced by randomly oriented crystalline regions 

The photographie technique devised by Goppel’ for measuring the crystal- 
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line and amorphous fractions in natural rubber, and subsequently improved by 
Arlman*, equates the amorphous fraction to six experimental parameters: 


= at (1) 


wherein primed and unprimed quantities refer, respectively, to partially and 
completely amorphous specimens. As this equation was employed by Goppel 
and Ariman, J, is the peak intensity of the amorphous halo at a point unaffected 
by erystalline diffraction effects, and J, is a measure of the intensity of the direct 
beam after transmission through the specimen of thickness d. For elastomers 


“Unstretched 


Elongation 
Axis 


15°C. 


pattern of a 5° C polybutadiene specimen 


consisting principally of light elements (Z< 8) Equation (1) is theoretically 
accurate to within 2 per cent for typical experimental conditions. When 
applied to elastomers other than natural rubber, the possibility of preferential 
orientation of the molecules in the amorphous region must be recognized, in 
which ease J, must be re-defined as the integrated intensity of the amorphous 
halo. The necessity of employing this definition of J, in the case of polybuta- 
diene is attested by photographie diffraction evidence, as explained above. The 
remainder of this paper will deal principally with a study of preferential molec- 
ular orientation in polybutadiene and its bearing on the quantitative evalua- 
tion of crystallinity from diffraction measurements. Brief accounts will also 
be given of confirmatory measurements of crystallinity in natural rubber and of 
crystallite orientation in natural rubber and polybutadiene. 
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Fig. 3.—Schematiec diagram of x-ray diffraction apparatus 


EXPERIMENTAL 


Figure 3 is a schematic diagram and Figure 4 a photographic perspective of 
the Geiger-counter apparatus developed at Mellon Institute for making precise 
measurements of the intensities J,, 7,’, 7,, and J,’ of Equation (1). The neces- 
sary geometrical and mechanical features have been obtained by adding ac- 
cessory devices to a standard Norelco wide-angle goniometer. The direct x-ray 


beam from a copper-target tube is defined by the }° divergence slit 7, and its 
vertical divergence’ is limited additionally by the aperture A in the brass plate 
M, which shields the Geiger tubes G, and G, from unwanted radiation originat- 
ing in the neighborhood of the x-ray tube housing. The beam penetrates the 
elastomer EF, and x-rays scattered by the amorphous component are received 
by G,. The specimen holder shown in these figures permits extension of the 
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Fig. 4.— Perspective of x-ray diffraction apparatus 
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elastomer in « vertical direction only, so that the amorphous intensity can be 
measured only on the meridian (3 90°). The slits A and S; minimize the 
air-seattered x-rays that can be received by G,. The direct beam, weakened by 
absorption in the elastomer, penetrates the reference sample of 0.002-inch 
aluminum foil, Al, and is then intercepted by the beam stop R.A diffracted 
ray from the foil is received by counter G,, which provides a measure of the 
direct beam intensity after transmission through the elastomer. J,orl,’. Slits 
S, and S,are both equipped with nickel filtecs to remove the CuK component 
of the radiation 

The pulses from counter G, are registered with a Tracerlab Superscaler 
Model SC-18 and those from G, with the Norelco sealer. A special intercon- 
necting timing circuit was incorporated to enable both units to register counts 


simultaneously for the same counting interval. It was found advantageous to 
set the control switch to shut off the counters when the standard counter G, 
had counted a predetermined number of pulses, for example, 25,600. For the 


Via. 5. Close-up view of apparatus showing azimuthal specimen holder 


measurements at lowered temperatures, the entire sample and its supporting 
mechanism were enclosed in a windowless Styrofoam insulating box of such low 
density that the absorption of the direct and diffracted x-ray beams is unim- 
portant. Air from the laboratory air line was passed successively through a 
drying column of silica gel, a flow meter. and a copper cooling coil immersed 
ina slush of dry ice and 1:1 chloroform-carbon tetrachloride ina Dewar. after 
Which it was introduced into the cooling box through openings in both the top 
and bottom sy regulating the flow rate, any temperature down to —40° C 
could be maintained for several hours with a mean variation not exceeding 
tl’ ©. The specimen temperature was measured with either a thermometer 
or a thermocouple 

Figure 5 is a close-up view of the goniometer, with an azimuthal specimen 
holder in place. This device, which was constructed in the shop by modifica- 
tion of an ordinary machinist’s bevel protractor, permits rotation of an ex- 
tended specimen about the axis of the direct x-ray beam. The specimen is 
first elongated with the aid of the usual stretching device, after which a small 
extended section is clamped off in the azimuthal holder. Another insulating 
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box of appropriate dimensions for this specimen holder was constructed for the 
measurements at lowered temperatures. 

Returning to the general Equation (1) for the amorphous fraction, we see 
that the net accuracy in f, will be a function of the accuracies with which four 
intensities and two thicknesses can be determined experimentally, Experience 
in this laboratory has shown that the thickness ratio d’/d can with minimum 
error be equated to a (a being the extension ratio) provided only that the 
specimen is supported so as to permit unconstrained, and therefore proportion- 
ate, diminutions in its thickness and width (affine extension). The intensities 
I, and J, are derived from the experimental counting rates by (1) correcting 
them for the dead time loss of the Geiger counter and (2) subtracting the com- 
ponents of intensity due to air scatter and general x-radiation. Correction (1 
is made with the standard formula: 


in which N is the corrected counting rate in terms of the observed rate Ny and 
the effective dead time of the Geiger tube r (2.5 & 10°* see. for the Geiger tube 
employed, Norelco type 62019, and a full-wave rectifying x-ray generator 


The air-scattered component N4 is given by 


\, 
Nu (Na)o = \ 


(N4)o and (N,)o being, respectively, the dead-time corrected counting rates of 
counters G, and G, with no elastomer sample and N, being the G, counting rate 
with the sample in place. Because of the low sensitivity of the counter tubes 
for the general x-radiation, the correction for this component can be made ade- 
quately by measuring the diffracted intensity from the specimen after trans- 
mission through 0.35 mm. of aluminum, which removed more than 99 per cent 
of the CuKa radiation but only about 27 per cent of the general radiation! 

The intensities J, and /,, when corrected as just described, permit the ratios 
[. T, and pg I,’ of equation (1) to be determined with a probable error a8 small 
as | per cent when all the experimental conditions are optimum, including that 
at least 9000 counts be totalized in each measurement in order to keep the statis 
tical errors of counting small. Considering the combined effect of the probable 
errors in the intensity and thickness ratios, it is possible to realize a net probable 
error inf, of about +2 percent. In order to achieve good relative accuracy in 
small values of the difference, f, 1 —f,, it is evident that the greatest pains 
must be taken in the experimental measurements 


NATURAL RUBBER 


A preliminary test of the equipment was made by applying it to the deter 
mination of crystallinity in natural rubber at room temperature as a function of 
extension. The specimen studied was smoked sheet purified and cross-linked 
with 0.6 per cent decamethylene dis-methylazodicarboxylate, using essentially 
the method of Flory, Rabjohn, and Shaffer Following the practice of the 
earlier investigators, the peak intensity of the amorphous halo at a single 


azimuth (90°) was accepted as being representative of the over-all amorphous 


intensity at the several extensions. The results are portrayed in curve A of 
Figure 6, which may be compared with the well-known curve of Goppel and 
Arlman, B', and recently published data of Nyburg, ©", for natural rubber 


N = No/(1 — Nor), (2 
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specimens of somewhat different types. The three curves agree in failing to 
reveal appreciable crystallinity at extension ratios much less than 4.0, but they 
disclose minor differences in the progress of crystallization at the higher exten- 


MOLECULAR ORIENTATION IN POLYBUTADIENE 


The samples studied were 2.5 & 10-cm. rectangular strips cut from a sheet 
of 5° C polybutadiene, 0.15 em. thick, cross-linked with 0.6 per cent decamethy- 
lene dismethylazodicarboxylate. The extension ratios were determined by 
measuring the increase of separation of small India-ink fiducial marks initially 
placed 2 mm. apart along the center of the specimen strip. 

Before any serious efforts could be made to pursue quantitatively the prog- 
ress of crystallization in polybutadiene with reduction of temperature, it was 
necessary to evaluate the extent of molecular orientation in the amorphous 
state and, in particular, to establish that the quantity (1/d’) « (/,'/1,') of 
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Fic. 6.—Crystallinity in natural rubber specimens at room temperature as measured by A, 
Alexander, Ohiberg, and Taylor; B, Goppel and Ariman"; C, Nyburg"* 


equation (1) does, in fact, remain invariant when polybutadiene is extended at 
temperatures above the crystallization point. The demonstration of con- 
stancy in this quantity would be significant for two reasons. First, it would 
confirm that the integrated intensity of the amorphous halo is truly representa- 
tive of the total amorphous scatter. Second, it would constitute a convincing 
argument for the applicability of Equation (1) to polybutadiene in extended 
states provided J, and J,’ are defined as the integrated intensities of the halo 
for totally amorphous and partially crystalline specimens, respectively. 

The intensity profile for an extension ratio of 6.1 was mapped out by taking 
peak intensity measurements at 10° intervals around the halo between azimuths 
of 0 and 90°, and by making radial sections at several azimuths in order to de- 
tect possible variations in the radial profile with azimuth. For the unextended 
specimen (a = 1) only a single radial section was prepared, but peak intensities 
were measured at a number of azimuths to help average out any possible minor 
inhomogeneities in the sample. It was found for a = 6.1 that not only the 
peak intensity, but the breadth of the radial sections and the radial angles of 
peak intensity as well, showed a dependence on azimuth. The salient numeri- 
eal data are given in Table I. In interpreting these figures, it must be borne 
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TaBLe | 


Properties or Rapiat Sections Turoven tue Amorruovs Hato 
OF POLYBUTADIENE FOR EXTENSION Ratios oF 1.0 AND 6.1 


a=10 Bel =90° 


26 ina 19.75 20.10 19.75 

Equivalent Rk between 5.49 5Al 5.49 
molecular chains (A) 

Integral breadth, W,, 11.1 9.6 11.1 
of radial profile (°) 

Relative peak intensity, 1.00 1.62 0.98 


in mind that the heightened equatorial intensity for a = 6.1 results from an 
increase of the proportion of molecular chains that are oriented so as to ap- 
proach parallelism with the extension axis. 

The integral breadth of a radial profile is defined by: 


f pd (20) 


= (4) 


As might be expected, for 8 = 90° anda = 6.1 the values of Bmuax, R, and W, 
agree with their values for the unextended elastomer. The highly oriented 
molecules are more densely packed than the unoriented, as evidenced by an 
average intermolecular distance of 5.41 A for 8 = 0° and 5.49 A for 8 = 90°. 
This decrease of R is equivalent to an increased density of 3 per cent for the 
well-oriented regions of the amorphous phase. The decrease of integral breadth 
of the radial section through the halo at 8 = 0° when extension occurs is indiea- 
tive of a greater tendency toward discreteness in the distribution of the lengths 
of the intermolecular vectors about the smaller mean value of 5.41 

Two independent measurements of the azimuthal intensity distribution in 
the amorphous halo at room temperature were made, the extension ratios heing 


@:61,1s107 


a+*555, Ts094 
rei 
Reference intensity for 
unextended specimen 
30” 60° 
Azimuth (8) 


Fic. 7.-Azimuthal intensity distributions in the amorphous halo of 
extended polybutadiene specimens at room temperature 
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55 and 6.1. The resulting curves are shown in Figure 7, wherein the quan- 


ret d’ 


is plotted as a function of 8. This expression has the form of Equation (1) for 
J, in natural rubber, but it can now be equated to f, only after integration over 
all azimuths, as explained earlier. At any particular azimuth J,’ is the peak 
intensity of the halo weighted by its integral breadth W,. It is seen from the 
figure that the integrated intensities for the extended specimens agree with that 
for the unextended state to within 7 per cent, the deviation being positive in 
one instance and negative in the other. The quality of the agreement is not 
80 good as might be desired, but, in view of the complexity and long duration of 
the measurements required to arrive at the integrated halo intensity, it was 
felt that these results tentatively establish the constancy of the integrated 
intensity with extension. Accordingly attention was next directed to the prob- 
lem of measuring crystallinity in extended specimens at reduced temperatures. 


CRYSTALLINITY IN POLYBUTADIENE 


An important preliminary problem was to ascertain whether or not the in- 
tensity of the amorphous halo diminishes uniformly at all azimuths when 
crystallization occurs. Such proportionate reduction of intensity at all azi- 
muths would be desirable from a practical standpoint because it would make 
possible quantitative evaluation of the amorphous and crystalline fractions 
by means of measurements at only one azimuth, for example, at the meridian. 
Such behavior, in addition, would point to a mechanism of crystallization that 


involves nonpreferential conversion of oriented and unoriented amorphous 


regione 

The following experimental procedure was followed. Prior to cooling, the 
speciinen was stretched to the desired extension ratio a, mounted in the azi- 
muthal holder, and its azimuth adjusted to some fixed value for the first series 
of measurements. The intensity ratio (/,’//,'),, was measured at to 20, 
after which the specimen at the same extension and azimuth was enclosed in 
the insulating box and its temperature reduced to t; (usually about 10° C). 
An equilibration period of 30 minutes was allowed, and then the ratio (/,/ I,')s, 
was measured until it reached constancy, which occurred within a few minutes 
except at low extensions. The temperature of the specimen was now reduced 
to ty, a second equilibration period was allowed, and the ratio (/,'//,'),, was 
measured, and soon. The experimental results for three azimuths, 90°, 60°, and 
30°, are plotted in Figure for temperatures between +25° and —28°C.  Con- 
firmatory measurements are still required, especially at B = 30°, where the 
curve disagrees with the points for 60° and 90°, which are in mutual agreement. 
At = 0° the superposition of the halo by the crystalline reflections is so great 
(see Figure 2) that to date no precise measurements have been attempted at 
this azimuth The x-ray data for 8 60° and 90° indicate that crystallization 
In this specimen at an extension ratio of 5.55 begins somewhat below 0° C and 
increases rather linearly with further reduction of the temperature 

The foregoing results do not give a final answer to the question of whether 
or not the intensity of the amorphous halo diminishes proportionately at all 
azimuths when crystallization takes place, but the good agreement of the results 
at azimuths of 60° and 90° make an ultimate affirmative answer seem probable. 
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0.72 


Temperature (°C) 


hia, 8 Amorphous halo intensity of polybutadiene vs. temperature 
at three azimuths. Extension ratio 5.55 


Further precise studies of the phenomena at 6 = 30° and 0° are to be under- 
taken at an early date. Meanwhile tentative calculations of the crystalline 
fraction in polybutadiene at reduced temperatures have been made on the basis 
of simple meridional measurements of the intensity ratio /,'//,/../ When applied 
to the development of crystallinity resulting from reduction of temperature at 
a constant elongation, Equation (1) assumes the form 


Here t) is a temperature at which the extended specimen is presumably com- 
pletely amorphous, such as 25° C for 5° C polybutadiene. The thickness ratio 
d,'/d,,’ is unity for all practical purposes and so may be disregarded. Table 
II gives the numerical results for two extension ratios, 4.38 and 6.13, and at 
several temperatures ranging from 25° to 16° ©. The amorphous and 
crystalline fractions were calculated from the x-ray diffraction intensities using 
Equation (5) and the relationship f, | 

The crystallinity data of Table IT are plotted in Figure 9, from which it is 
seen that (1) the crystalline fraction increases as the temperature is lowered and 


Taste II 


CRYSTALLINE AND AMORPHOUS FRACTIONS AS A FUNCTION OF TEMPERATURE 
ror 5° C av Fixep ExTensions 


Extension Temp. Amorphous Crystalline 
ratio, a fraction, fa fraction, f 
1.48 5 1.000 0 
0.966 0.054 
0.952 0.045 
0.906 0.094 
0.565 0.142 


1.000 0 

0.954 0.066 
0.924 0.076 
0.821 0.179 
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(2) the crystallinity at a given temperature increases with increasing elonga- 
tion. In consideration of the experimental error limits discussed earlier. it 
must be recognized that the linear form of the curves indicated in the figure is 
somewhat tentative, especially at the lower crystallinities However, the 
measured crystalline contents of about 13 and Is per cent at —16° C for ex- 
tension ratios of 4.45 and 6.13 may be regarded with confidence. 


CRYSTALLITE ORIENTATION 


The birefringence of the crystalline phase in an elastomer in which the 
crystalline regions are preferentially oriented with respect to the direction of 
extension 


An. = An,°-F (7) 


where An,° is the birefringence of a single crystal of the crystalline phase and 
F is the orientation factor, defined by 


(sin*y (8) 


The quantity (sin*y) is the average value of the sine of the angle between the 
principal axis of a crystallite and the axis of extension Taylor and Darin" 
have shown how An,® can be caleulated by combining appropriate x-ray and 
birefringence data, thus establishing a quantitative relationship between the 
observed birefringence and the crystalline frac tion of an elastomer in extended 
states. The needful x-ray data are (1) values of f, at some particular elongation 
and # series of temperatures and (2) a value of F under the same conditions. 
The determination of the amorphous fraction f, has been discussed in the 
preceding section of this paper. 

Reasonable assumptions concerning the distribution of orientations of the 
paratropic planes about the extension axis of an elastomer lead to the conclu- 
sion that Hermans’ expression giving (sin*y) for cellulose crystallites!® can be 
applied to the crystalline diffraction sickle of polybutadiene almost unchanged: 


2 
f 1(8) cosBdB 


Here 8 is the azimuthal coordinate on the diffraction pattern as defined earlier, 

The orientation factors of natural rubber and 5° C polybutadiene under 
different conditions were determined from x-ray diffraction patterns recorded 
on flat sheets of nonscreen x-ray film with nickel-filtered CuK radiation, <A 
Leeds and Northrup recording microphotometer was used to measure the 
optical transmission values, which were converted to relative intensities by 


comparison with microphotometer traces of a graded density scale. The maxi- 


mum intensities along the diffraction sickle concerned were plotted as a function 
of 8, the background was subtracted, and the net Intensities at small increments 
in § were used to compute (sin*y) from Equation (9). The increments chosen 
were Ap 1° and 2°, respectively, for natural rubber and polybutadiene. 
Figure 10 is a plot of the azimuthal intensity distribution in the principal 
paratropic diffraction sickle of polybutadiene at —25° C and an extension ratio 
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Fic. 9.—Percentage crystallinity in 5° C polybutadiene as a 
function of temperature for two extensions 


ofa = 4.25. It is interesting to note that at this extension ratio the point of 
maximum intensity does not fall at the equator but at about 10°. This means 
that the most probable mode of orientation is an inclination of about 10° to the 
axis of extension. Such an inclination is uncommon in crystallizable elasto- 
mers and does not occur in natural rubber. 

Table III gives the results of the x-ray measurements for the specimens 
studied. The degree of orientation is very high in natural rubber compared 
with that in polybutadiene and, furthermore, it seems to be practically inde- 
pendent of the degree of extension. On the other hand, the degree of orienta- 
tion in polybutadiene is less perfect, and there appears to be a dependence on 


Intensity (Arbditrory Unite) 


o° hd 20° $o° 


Fie. 10.—Azimuthal intensity distribution in the principal paratropic 


diffraction sickle of polybutadiene (a = 4.25,t= — 25 ) 
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Tassie III 
EXPERIMENTAL ORIENTATION Factors FROM X-RAY MEASUREMENTS 
Specimen a sin?, 
Natural rubber 5 0.0101 0.985 
Natural rubber { 0.0176 0.982 
Polybutadiene 0.1158 0.826 
Polybutadiene : f 0.1307 0.804 
Polybutadiene 6 —2! 0.1020 0.847 


elongation, although the observed values of F do not differ by much more than 
the limits of experimental error. 


SUMMARY 


In general, extension of an elastomer results in a degree of preferred orienta- 
tion of the molecular chains composing the amorphous phase. Therefore the 
amorphous fraction of a partially crystalline elastomer must be related to the 
integrated intensity of the amorphous diffraction halo rather than to the intens- 
ity at any one azimuth. A noteworthy exception is natural rubber, for which 
simple meridional measurements suffice. 

A Geiger-counter apparatus, with beam monitor and temperature-control- 
ling accessories, is described for making accurate measurements of the X-ray 
intensities scattered at any azimuth and at small or moderate Bragg angles. 
Measurements of crystallinity in natural rubber are in essential agreement with 
the findings of previous workers. When polybutadiene is extended at room 
temperature, molecular orientation occurs, but little if any crystallization. 
Measurements at lowered temperatures show that the crystalline fraction be- 
comes appreciable at about O° C and that it increases with further reduction of 
temperature and with increasing extension ratio. Preferred orientation of the 
crystalline regions in extended polybutadiene has been measured quantitatively 
with the object of providing jointly with birefringence measurements a value of 
the birefringence of a single erystal of polybutadiene. 
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INFLUENCE OF CRYSTALLIZATION ON THE SORPTION 
OF HYDROCARBONS BY NATURAL RUBBER AND 
GUTTA-PERCHA * 


V. A. Karain T. V. GAatTovsKAYA 


L. Ya. Karrov Inerrrere or Puystca, Cuemisray, Moscow, USSR 


It has been known that the mechanical properties and strueture of amorph- 
ous and of crystalline polymers differ from one another sharply. However, the 
influence of the phase state of polymers on their thermodynamic properties has 
not been made clear. Hence it has been of interest to evaluate the effect of 
polymer crystallization on the polymer’s sorption properties. For this purpose 
it was essential to compare the sorption properties of a polymer which can exist 
in either the amorphous or the crystalline state at the very same temperature. 
The most suitable material is natural rubber, which is capable of erystallizing 
either during prolonged aging or under stress and, therefore, may be obtained 
at the same temperature in both the amorphous and the crystalline states 

With the aid of a MeBain balance in a high vacuum and under isothermal 
conditions’, curves for the sorption of n-hexane by amorphous and ervstalline 
samples of natural rubber at O° and 25° C were obtained, In the experiment 
at 0°, the sorbent consisted of strips of natural rubber, some of which had been 
aged & months at 0° (the erystallized sample), and others aged for the same 
period at room temperature (the amorphous sample)’. 

In the tests at 25° C, natural rubber (smoked sheet) was used as the amorph- 
ous sample, while the erystalline sample was obtained by subjecting samples of 
natural rubber, heated to SO-90°, to a great stress, and then quenching them at 
0° C. The content of crystallized phase in samples such as these is estimated 
as 40-35 per cent’. 

The experimental data in Figure | indicate that in both cases, at 0° and 25 
the isothermal curves of sorption by amorphous and erystalline natural rubber 


are roughly in agreement; i.e., the presence of the crystalline fraction does not 
change the sorption capacity of the rubber. (The curve obtained at 25° falls 
below that at 0° because of the increase of the mobility of the molecules at 
higher temperatures. ) 

Figure 2 presents isothermal curves at 25° for sorption on a crystalline 
sample of a purified and slightly vuleanized natural rubber which had been 
aged for 7 years at room temperature; and for amorphous samples obtained by 
the use of three methods given earlier: heating in air at 9S° © for 7 minutes 
heating in a vacuum at 70° for 6 hours, and repeated stretching 

The diagram shows that the sorption capacities of these natural rubber 
samples may all be represented by the same curve; i.e., the sorption properties 
of rubber do not depend on its phase state 

In the same diagram is shown the isothermal! curve of the sorptionof n-hexane 
by gutta-percha (@), which is markedly different from the curves for natural 


* Translated for Russen Cuemiernry ann Tecuno by Maleolm Anderson from Doklady Akademi 
Nauk SSSR, Vol. 99, No. 6, pages 1037-1039 (1954 
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Fia. 1.—Sorption of n-hexane on amorphous and crystalline natural rubber at various temperatures. 
© Amorphous natural rubber, 0° C amorphous natural rubber, 25°; *—erystalline natura! rubber, 
0°; L-erystalline natural rubber, 25°. The abscissa represents the ratio p:/pi*; the ordinate z/t. 


rubber, and attests to the considerably lower sorption capacity of gutta-percha. 
From the observed fact that the sorption properties of natural rubber are inde- 
pendent of its phase state, we surmised that the difference between the iso- 
thermal sorption curves for natural rubber and those for gutta-percha, which 
are cis- and trans-isomers, is based not on their phase state, but rather on a 
difference in the structure and flexibility of the chains. In order to check the 
accuracy of this proposition, a sorption experiment was set up for gutta-percha 
at 60° C, i.e., at a temperature above the fusion point of gutta-percha crystals‘, 
at which these are amorphous. With gutta-percha, it proved impossible to 


WR 


Fic. 2.—Sorption of n-hexane on amorphous and crystalline natural rubber and on gutta-percha. 
O-—Cryetalline natural rubber: *—heated in air at 8° C for 7 min heated in a vacuum at 70° for 


6 hrs.; A-—repeatedly stretched; @—gutta-percha. The abscissa represents the ratios pi/pi®;,the ordinate 
z/t 
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compare the sorption by amorphous and crystalline samples at the same 
temperature. Hence it was of interest to compare the sorption on gutta-percha 
with that on natural rubber, both of which were in the same phase state. A 
corresponding isothermal curve was therefore derived for sorption at 60° on 
amorphous natural rubber (see Figure 3). It follows from the diagram that 
the divergence between the sorption properties of natural rubber and of gutta- 
percha, noted at 25° C (crystalline sample) holds true also at 60° (amorphous 
sample), in both the sign and the quantity of the effect. Hence the sorption 
capacity of gutta-percha, too, is independent of its phase state, and is lower 
than that of natural rubber. 

In this manner it was shown that the difference between the sorption proper- 
ties of natural rubber and those of gutta-percha, which have the same chemical 
composition, results, not from their phase state, but from a difference in the 
structure of the chain molecules, 


Qs 


Fig. 3.-—Sorption of n-hexane upon crystalline natural rubber and upon gutta-percha at 25° and 60° C 
Natural rubber, 25 natural rubber, 60 25 gutta-percha, The 
abscissa represents the ratio pi/pi®; the ordinate /t 


The results obtained were surprising. It had seemed as if the creation of 
crystals whose volume the solvent was incapable of penetrating, should reduce 
the sorption in proportion to the amount of the crystalline fraction formed, 
especially if one considers the fact that polymer crystals are incapable of permu- 
toid swelling. But in actuality we see that the sorption capacity of a polymer 
does not change during crystallization, which attests to the absence of any 
crystalline formations with volume. This same conclusion was drawn earlier 
from purely structural observations®. 

In previous work it had been shown that the thermodynamic activity, and 
hence the sorption capacity, of amorphous polymers is determined by the 
elasticity of the molecular chains®. 

Inasmuch as the sorption of n-hexane on rubber does not change when it 
crystallizes or when the crystals are fused, we may safely draw still another 
conclusion, namely, that the crystallization of rubber causes virtually no change 
in its elasticity, nor, consequently, in the accumulation of configurations in its 
chain molecules. This circumstance also is in contradiction to the formation 
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of crystals with volume, in which the molecules should all have one certain 
configuration. 

Thus, the formation of a new phase, although clearly detectable in structural 
and mechanical studies’, has hardly any effect on the sorption properties of 
polymers. This indicates, not only that the crystals themselves have a 
peculiar structure, but also that it is necessary to examine more closely the very 
concept of phase conversions in polymers, a subject to which we shall turn in 
future communications. 
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BIREFRINGENCE AND CRYSTALLIZATION 
IN ELASTOMERS * 


G. Russet, TAYLOR AND STEPHEN R. DARIN 


Inerrrere, Prrrancnan, 


INTRODUCTION 


It has been shown both experimentally and theoretically! that the stress- 
optical coefficient (the ratio of birefringence to tensile stress) in linear amorph- 
ous elastomers is a constitutive constant at small stresses. In partially erystal- 
lized elastomers, however, and in elastomers in which crystallization can be 
induced by stress, the birefringence is due, not only to the stress-optical prop- 
erties of the amorphous phase, but is also due, and indeed significantly, to the 
birefringence of the oriented crystallites. This qualitative relation between 
excess birefringence and crystallinity in elastomers has been known since at 
least 19357; however, to the author’s knowledge, no quantitative statement of a 
relation between the birefringence, the degree of crystallinity, and the stress is 
available in the literature. It is the purpose of this paper to present a semi- 
theoretical relation of this sort and to show its applicability by comparing 
x-ray and birefringence determinations of the degree of crystallinity of stret« hed 
5° C polybutadiene, 

THEORY 


In general, the optical properties of a medium are completely specified when 
the indexes of refraction along the mutually perpendicular principal axes, 
(x, y, 2) are specified. To relate the optical properties of the medium to its 
constitution, it is assumed that the principal refractive indexes n,(@ = 2, y, 2) 
are related to the principal components of the polarizability tensor, A,,( 

r, y, 2), by the Lorentz-Lorenz relations: 


(n? 1)/(n? 


Then, using the approximation: 


n? + 2)? 


(n,* 1) + 2) (n,* 1) 


the difference in any two refractive indexes, which is called the birefringence 
can be calculated from 
2m (ni? 


An Aus Azz) 


where 7 (n, + n,)/2 and An n, n,. If the medium is optically uni 
axial, with its optic axis along the z axes, A,, A,,, and it has one nonzero 
value for the birefringence. Stretched elastomers are uniaxial, with the optic 
axis along the axis of extension. 


* Reprinted from the Journal of Applied Physica, Vol ) » 9, pages 1075-1079, Beptember 1955 
The work was performed as a part of the research project sponsored by the Federal Facilities Corporation, 
Office of Synthetic Rubber, in connection with the Government Synthetic Kubber Program 
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To evaluate the polarizability tensor for a medium, it is generally assumed 
to be composed of n noninteracting elements per unit volume, small with respect 
to the wavelength of light, for which the principal polarizabilities and orienta- 
tions are known or postulated. If the elements are uniaxial and are oriented 
with cylindrical symmetry about the z axis, the medium is uniaxial and the 
optical anisotropy can be shown to be: 


Ag, — Agz = nf (1 — $8in*y) (an — ay)p(y)dy (4) 


where ay, is the polarizability of the element along its optic axis, a, is the polar- 
izability of the element perpendicular to its optic axis, and p(y)dy is the fraction 
of the elements in the medium oriented with their optic axis at an angle y to 
v + dy with the optic axis of the medium. In the special case where a,, — ay 
is independent of the orientation of the elements, this reduces to: 


(4s 
= (J — (sin*y)av) fa) 


where (A,, — Agz)o is the optical anisotropy which would be obtained if the 
elements were perfectly oriented, and (sin*y)ay is the average of the square of 
the sine of the angle between the optic axes of the element and the medium. 
F is called the orientation factor*. If the medium is composed of more than one 
type of element, the optical anisotropy can be written, under the above assump- 


tions, as: 
Ags Ay = > (Acs Ass) if; (5) 


where f; is the volume fraction of i-type elements and (A,, A,,), is the optical 
anisotropy pure t would have with the same angular distribution of elements as 
that (of i-type elements) existing in the composite medium. In rewriting 
Equation (5) in terms of the birefringence, if it is assumed that the function 
involving the mean refractive index in Equation (3) is the same in the separate 
phases, we obtain: 


Any > fi An, (6) 


where Ang is the observed birefringence of the composite material, and An, is 
the birefringence pure i would have in the same state of orientation. 

To apply Equation (6) to polyerystalline elastomers, they are assumed to 
be composed of two types of elements; namely, very small crystallites, and 
amorphous chains. In this case, Equation (6) can be written in the form: 


(Any An,)/(An,. — Ang) 7) 


where the subscripts ¢ and a refer to the crystalline and amorphous phases, 
respectively. The birefringence of the crystalline phase can be written from 
Equation (3) and (4a), as 


An, = AnS{F (8) 


where An,° is the birefringence of a pure crystal and F is the orientation factor, 
both of which ean, in principle, be experimentally determined. To evaluate 
the birefringence of the amorphous phase, we must know something about the 
state of orientation of the amorphous chains. We adopt, as a working ap- 
proximation, the assumption that, insofar as they affect the stress-optical prop- 
erties of the amorphous phase, crystallites act only as additional cross-links. 


F 
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This assumption permits us to evaluate An, from! 


An, = cs (9) 


where c is the stress-optical coefficient of the amorphous material, and ¢ is the 
tensile stress on actual cross-section. The critical point here is that the stress- 
optical coefficient is independent of the degree of cross-linking at low stresses 
and thus independent of the degree of crystallization. 


GENERAL EXPERIMENTAL APPROACH 


The general experimental procedure used for testing the relation between 
birefringence, stress, and crystallinity as given in Equations (7)—(9) was to 
measure the birefringence and stress on a lightly cross-linked specimen of 5° C 
polybutadiene held at constant length as the temperature was lowered from 
+30° to —30° C. The degree of crystallinity and orientation factor were 
obtained under the same conditions using x-ray diffraction techniques*, and it 
was then determined whether the degree of crystallinity calculated from the 
birefringence stress data «ould be made to agree with the x-ray results using a 
single reasonable value for An,®, the birefringence of a single crystal of poly- 
butadiene. 


PREPARATION OF VULCANIZATES 


The crude polymer (5° C polybutadiene prepared at the Government 
Laboratories, Akron, Ohio) was cleaned by alcohol precipitation of its filtered 
benzene solution after which it was dried in a vacuum at room temperature. 
The polymer was then redissolved in toluene with | per cent (based on polymer 
weight) of phenyl-2-naphthylamine added as antioxidant and the concentration 
(~5 per cent) was accurately determined by evaporating to dryness a weighed 
portion of the solution. The desired weight of cross-linking reagent, de- 
camethylene dismethy! azodicarboxylate®, dissolved in a little toluene was then 
added to the remaining weighed solution. The resulting solution was then 
transferred to 4 * 5 X 1-inch flat-bottomed glass trays, and bubbles and dis- 
solved air were removed by placing the tray in a vacuum desiceator for 15 
minutes. The solvent was then allowed to evaporate at room temperature and 
atmospheric pressure for 24 hours, after which the dry polymer sheet was 
heated to 60° C in a ventilated oven for 2 hours to complete the cross-linking 
reaction. The finished sheets were then stripped from the trays and stored 
under dry ice refrigeration until used. 


MEASUREMENT OF BIREFRINGENCE AND STRESS 


The specimens used for the measurement of birefringence and stress were 
small dumbbells 5.88 em. in over-all length, 1.2 em. long, and 0.25 em. wide in 
the uniform central section, died from the sheets. The specimen thickness 
(0.005 to 0.015 inch) was measured to +0.0002 inch with a dial micrometer, the 
length between India-ink fiducial marks placed about 1 em. apart in the uniform 
central section was measured to 0.01 cm. with a cathetometer, and the specimen 
was clamped in place in the apparatus illustrated in Figure 1. The stretching 
device, illustrated in some detail in Figure 1 (b), elongated the specimen without 
appreciably moving its center, through which passed the polarized light beam 
used in the measurement of the birefringence. The polarized light beam came 
through a small double-walled window in the rear of the working chamber. 
The birefringence of the specimen was measured with a Babinet compensator 


457 
- 


RUBBER CHEMISTRY AND TECHNOLOGY 


(@) 


Sensitivity Selector Switch 
oné Lerorg Potentwometer 


\ Fosboro Oynolog 


Recorder 


L 4 


Specimen \ 
Gouge Meter Stick 


Test Chomber (20" 26° 32") with 4” 
Cototes ineulotion ond Double 
Wolled Giess Window 


Downword Motion of A Results in o Corresponding 
Downword Motion of C ond Upword Motion of 8 
Position of A is Mointoined by o Set Screw. 


hia. 1 Stress-birefringence apparatus 


mounted in front of the working chamber, and the stress was measured by an 
unbonded strain gauge [Figure 1(b) J, the output of which was continuously 
recorded on a millivolt recorder. In calculating the birefringence and the 
stress, the thickness and cross-sectional area of the specimen were assumed to 
initial thickness, Ao = initial cross- 
extension ratio; i.e., the deformation was assumed to be a con- 


he dy/a' and Ao/a, respectively, where do 
section, anda 
stant volume affine extension. 

Temperature control to +1° C was maintained by varying the speed of the 
blowers which cycled the working chamber air over chipped dry ice. In an 
attempt to approximate equilibrium conditions, each stretched specimen was 
relaxed for at least two hours at room temperature before cooling, and each 
fixed temperature was maintained until the birefringence and stress were ap- 
proximately constant. 


RESULTS 


The birefringence and stress on actual cross-section as a function of tem- 
perature and extension ratio for 5° C polybutadiene cross-linked with 0.6 per 
cent decamethylene dis-methylazodicarboxylate are given in Table I. The 
fourth column in Table I, An,, the contribution of the amorphous fraction of 


the specimen to the birefringence, was calculated from 


Ang (0.566 — 0.00356t)8 10-3 
( = temperature (° C) 
stress on actual cross section (kg./em.’) 


i 
| iA 
“4 
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The value 0.566 — 0.00356¢ for the stress-optical coefficient for amorphous 5° C 
polybutadiene was obtained from unpublished experimental data and is accurate 
from 0 to 50° C, 

The degree of crystallinity can now be calculated from the data of columns 
two and four of Table I, using Equation (7), provided An,® and the orientation 
factor are known. The orientation factor has been measured‘ at extension 
ratios of 4.25 and 6.35 and it was found to be a constant, within experimental 
error, with a mean value of 0.826 + 0.020. Since, furthermore, the orientation 
factor is insensitive to small changes in the state of orientation, the quantity 


Tasie | 


BIREFRINGENCE, Stress, AND Per Cent av Frxep ELONGATION As A 
FuncTION oF FoR 5° C Cross-Linkep wirn 0.6 
Per Cent DecaMeTHYLENE dis-MeTHYLAZODICARBOXYLATE 


Stress on actual 


Extension Birefringence Cross-section Percentage** 
ratio (Ane *108) (kg./em.?) Ans X10"* erystallinity Temp. (° C) 
2.18 2.734 5.79 2.78 04 23.9 
2.975 5.79 3.04 05 11.6 
3.122 5.58 3.15 2 0.2 
9.109 4.54 2.74 5.00 - 9.2 


6.957 13.90 6.63 0.27 25.0 

7.809 12.70 6.52 1.04 15.0 
9.359 11.98 6.55 2.28 5.3 
14.703 9.82 5.73 7.21 5.1 
19.558 6.23 3.86 12.44 15 
25.532 1.20 OSI 19.12 30.1 
26.976 0.48 3: 


9.827 16.27 ved 1.73 57 
10.997 15.06 7.73 2.67 15.0 
13.572 13.92 7.56 1.1 6.3 
17.271 12.00 6.99 8.35 35 
22.611 7.91 4.90 14.15 14.9 
28.115 3.57 2.40 20.14 ~ $0.0 
30.058 2.51 ‘ 22. 


13.364 23.05 1.6 
14.193 21.24 10.85 2.80 5.5 
17.702 19.08 10.44 6.07 5.3 
21.450 16.381 9.73 9.73 3.9 
28,268 12.83 7.92 16.65 14.5 
33.048 7.61 5.12 22.34 30.0 
34.911 6.47 4.48 24.23 $5.8 


16.484 27.18 
17.331 24.93 12.74 3.91 5.3 
20.528 22.69 12.37 6.93 5S 
26.273 19.82 11.63 12.35 6.0 
30.358 15.83 9.83 17.07 —~15.8 
35.946 10.22 6.88 23.60 30.1 
38.777 8.85 35.1 


18.785 33.78 15.37 

19.971 29.11 14.82 4.47 9 
24.720 27.19 14.74 7.78 6.7 
27.292 23.00 13.91 11.51 1.6 
31,845 20.82 12.80 16.24 ~14.0 


* The birefringence of the amorphous fraction 
** Calculated from fe = (Ane — Ana) /(0.130 — Ang). 
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Fic, 2.—Percentage crystallinity vs. temperature for 5° C polybutadiene 
froro x-ray and birefringence measurements. 
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An, can be treated as a constant (except possibly at very small extensions), 
which can be evaluated from a single known value of the degree of crystallinity. 
To this end we use the x-ray result‘ f, = 0.132 at —16° C at an extension ratio 
(a) of 4.38 in conjunction with the birefringence observations at —14.9° C and 
a = 4.36 to obtain the approximate value An, = 0.139. Since this calculation 
puts too much emphasis on a single x-ray result, which may be in error by 0.02, 
it would obviously be more satisfactory to adjust An, to obtain the best over-all 
fit with all of the x-ray data available*. When this is done, it is found that, with 
An, = 0.130, the birefringence measurements agree with the x-ray measure- 
ments to the extent shown in Figure 2. This general agreement can hardly be 
considered a spurious result of a combination of x-ray and birefringence errors. 

Making use of the value 0.130 for An,, the degree of crystallinity as a fune- 
tion of extension and temperature has been calculated from the birefringence 
measurements. The results of these calculations are given in column 5 of 
Table I and in Figure 3. It is to be noted once again that these results are not 
purported to be true equilibrium values, although apparent steady states (on 
the time scale of the measurements) were attained. 


DISCUSSION 


In a test of the applicability of the proposed expression relating degree of 
crystallinity with birefringence, the principal points to be considered are the 
constancy and magnitude of An,®, the need of a correction for the contribution 
of the amorphous material to the birefringence, and the possibility of calculating 
this correction by the use of the stress-optical coefficient for the amorphous 
material. From the foregoing results, An,° is satisfactorily constant, and its 
magnitude (0.157) is quite reasonable, since the theoretical value of An,® for the 


closely related material, trans-polyisoprene, is 0.171 (see below). The need for 
an amorphous correction is evidenced by the magnitude of the corrections (see 
An, in Table I) that were applied ; and the fact that these corrections, calculated 
by use of the experimental stress-optical coefficient and the stress, yield satis- 
factory results, at least indirectly validates the procedure. 

An interesting special case occurs when the birefringence measurements are 
taken under conditions of no stress. In this case, Equation (7) becomes 


fo = Ano/FAn,® (10) 


Measurements of this type could be taken, for example, by stretching a speci- 
men, freezing it, and observing the birefringence of the unclamped specimen at 
reduced temperatures. While we have made no measurements of this type, 
Treloar® has published density and birefringence data on natural rubber at 
0° C under conditions such that Equation (10) should apply. He records 
values of the ratio birefringence to the increase in density (relative to the 
amorphous material) and finds that this quantity increases to a limiting value 
as the specimen extension is increased. This is exactly what Equation (10) 
predicts, for the crystallite orientation improves with extension and F 
approaches unity. Using his limiting value for the ratio, and assuming the 
density of crystalline natural rubber at 0° C to be 1.006 g./ce., the value of 
An,® is found to be 0.218. It is possible to compare this figure directly with 
theory by calculating the birefringence of a natural rubber crystal (as a 
uniaxial crystal), using the crystal structure data of Bunn’ and the bond 
polarizabilities of Denbigh*® in conjunction with Equations (3) and (4a). The 
result, 0.215, is in remarkable agreement with Treloar’s value. The figure 
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0.171 given previously for the birefringence of crystalline polyisoprene was 
similarly calculated using Bunn’s structure data on gutta-percha’. 

It is interesting to note that attempts have been made to measure directly 
the birefringence of pure crystals of natural rubber and gutta-percha, using a 
polarizing microscope. The reported results are An,° (natural rubber)* = 
0.050, An,® (gutta) = 0.036. The discrepancy between these values and the 
calculated values is rather large; however, there can be little doubt but that the 
crystals studied experimentally were a more or less imperfectly oriented aggre- 
gate of submicroscopic crystallites and, hence, that a significant correction by 
way of the orientation factor is to be expected. Further serious doubt is cast 
on the experimental value 0.050 for natural rubber by the fact that Treloar 
records birefringence values for stretched partially crystalline natural rubber as 
high as 0.090, and we have observed values greater than 0.070. 


SUMMARY 


The semitheoretical expression : 


Ane — cs 


where f, = volume fraction crystalline, Ano = observed birefringence, c = the 
stress-optical coefficient, s = the stress on actual cross-section, F = a known 
function of erystallite orientation, and An,® = the birefringence of a single 
polymer crystal, is proposed for relating birefringence, stress, and degree of 
crystallinity in polycrystalline elastomers under tensile stress. This expression 
is shown to yield results in substantial agreement with x-ray results for the 
degree of crystallinity of 5° C polybutadiene when An,” = 0.157. Birefring- 
ence-density data on natural rubber (due to L. R. G. Treloar) are shown to be a 
special case of the foregoing expression, yielding a value An,° = 0.21% for natural 
rubber, which is in good agreement with the theoretical value for this quantity. 
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INFLUENCE OF INTERMOLECULAR REACTION ON THE 
KINETICS OF SWELLING OF ELASTOMERS * 


V. E. Gut anp SHVARTS 


Lomonosov Inerrrure or Fine Cnemicat Tecunotocy, Moscow, U.8.8.R, 


The diffusion of a solvent through a high polymer is caused by the cumula- 
tive development of intermolecular forces and the action of the entropy factor'. 
Many authors have studied the state of equilibrium of a swollen high polymer 
in a solvent from this standpoint. The influence of the nature of intermolecular 
reactions on the kinetics of swelling, although indirectly recognized in some 
studies’, has remained, on the whole, little investigated. One of the authors 
has developed a theory’, according to which the closer is the value of the co- 
hesive energy density of the polymer to that of the solvent, the greater is the 
rate of swelling. 

Swelling of such substances as reprecipitated rubber or rubber from which 
the characteristics of a granular structure have been removed by processing, 
ean be considered without reference to so-called intermicellar swelling. Swell- 
ing in this case is the result of the diffusion of solvent through the high polymer 
Swelling of vuleanized rubber is accompanied by three-dimensional deforma- 
tion. Three-dimensional deformation of rubber proceeds at a fixed rate. The 
rate of the relaxation process of three-dimensional deformation depends on the 
deforming force, the temperature, and the molecular reaction between the 
polymer and the solvent’. The force which causes three-dimensional deforma- 
tion of a vuleanizate during its swelling performs the work of swelling, and 
can be determined from the value of the change of free energy or the thermo- 
dynamic potential. 

The terms which describe the relations between the force of combination 
and the temperature and intermolecular interaction make up the equation which 
describes the change of free energy during swelling. It should be kept in mind 
that the force of combination does not remain constant during the swelling 
process; its value decreases as the system approaches equilibrium 

In the case where the rate of free diffusion of the solvent through the high 
polymer exceeds the rate of relaxation of three-dimensional deformation, the 
latter will determine the rate of the integral process. This can be expected 
either when the force of combination is small or when the high-polymer molecules 
are insufficiently elastic. If the molecular interaction between the combining 
components is slight, then the change of flexibility of the chain molecules during 
swelling can be ignored in first approximation. (It should be remembered that 
the intensity of the molecular reaction between the components is not deter- 
mined by the heat effect of swelling, which, as Lipatov® showed, is an integral 
effect of several phenomena.) In this case, a8 was shown in « previous study’, 
the rate of swelling can be expressed as follows: 


pV, k 
dv: 2 
dt pV, 


* Translated for Runsen Cusmistry ano from the Kolloidnyi Zhurnal, Vol 
24-30 (1955). 
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1 Kinetics of swelling of natural rubber in methylethy! ketone. 
The abscissa indicates the time in hours 


where v s the volumetric fraction of polymer in the swollen gel; V, is the partial 
molar volume of the solvent; M is the molecular weight of a segment included 
between adjacent cross-links of the spatial network; p is the density of the 
polymer; k is a term comprising the molecular reaction of the components; FE, 
is the equilibrium high-elastic modulus; £’o is the initial elastic modulus; R is 
the gas constant; and 7' is the absolute temperature. 

This equation was obtained by substituting the value of the combination 
force in the equation of the rate of relaxation of linear deformation. The force 
of combination, as has been mentioned above, can be determined from the work 
of swelling. When Equation (1) is applied, it is necessary to observe the limita- 
tions made previously. 

In the case where the rate of three-dimensional deformation is not the slowest 
stage of the swelling process, the influence of the molecular interaction on the 
rate of spontaneous combination is determined by the relation of the coefficient 
of diffusion D to the activating energy of transfer EF of a particle from one 
position to another. 


D (2) 


where d is the order of distance between the particles; and 7» is the period of 
molecular vibrations. 
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Kia, 2.— Kinetics of «welling of natural rubber in methyl alcoho! 
The absciasa indicates the time in hours 
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As Frenkel showed®*, the activating energy of transfer of a particle from one 
position to another bears a definite relation to the nature of the molecular 
reaction between the kinetic units (in this case—the segments of the polymer 
and the molecules of solvent). 

Analysis of Equation (1) permits the following conclusion, which evidently 
can be applied beyond the limits of the assumptions made, ‘The intensity and 
nature of the molecular interaction between the combining components is one 
of the factors which determine the rate of spontaneous combination of a high 
polymer and a solvent; the more intense is the molecular reaction between the 
combining components, the greater is the rate of spontaneous combination 

In the case where the mechanical properties of the high polymer are con- 
siderably changed by the combination, the influence of the intermolecular re 
action on the rate of spontaneous combination remains effective, since the 
change of mechanical properties again appears as a result of intermolecular 
reaction. Comparison of the cohesive energy densities of the combining com- 
ponents makes possible a rough approximation in determining the intensity of 
intermolecular activity’. According to Equation (1), a decrease in the differ- 
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Via. 3.—Kineties of swelling of natural rubber in ethy! aleohol 
The abscissa indicates the time in hours 


ence of the square roots of the cohesive energy densities of the components leads 
to a decrease of the parameter k and, consequently, an increase of the rate of 
swelling. To verify this, a number of experiments on swelling were set up 
The kinetics* of the swelling of natural rubber in solutions with various inter- 
molecular reactions is shown in Figures 1,2,and3. Thesolvents used—methyl- 
ethylketone, methyl and ethyl aleohols—differed in polarity and in the values 
of the echesive energy densities. 

According to the results of the study of the influence of oxidation on swelling® 
the linear course of the kinetic curve of swelling is due to the influence of oxida- 
tion processes. Hence the equilibrium value of the degree of swelling (in the 
sense of swelling which is not complicated by chemical processes) can be ob- 
tained by extrapolating the linear relation of swelling to time toward the zero 
time value. The period in which equilibrium swelling is reached is determined 
by the period when the swelling time-degree of swelling relation become linear, 
For convenience we shall henceforth call this time interval ¢, 

Examination of the data in Figures 1, 2 and 3 shows that, the more similar 
is the intermolecular action of the combining components, the sooner the 
equilibrium value of the degree of swelling is reached 

To illustrate the relation of the relative rate of swelling to the nature and 
intensity of the intermolecular action of the combining components, the values 
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Derenpence or THE Kevative Rate or SWELLING ON THE RELATION BETWEEN THE 
Congsive Enercy Densities or PoLyYMER AND SOLVENT 


Difference 
between the 
equare roots 

of the co- 

Density of hesive energy Time of 
specific densities of reach swell- 
cohesion rubber and ing maximum 
energy solvent (hours 

Component (eal. /ce.) (cal. /ee.)** ty 
Vulcanized smoked sheet 65.5 _ _ 
~ ketone 8D. 1.41 25. 
Ethy! alcohol 161. 4.70 48. 
Methy!] aleohol 206 6.26 192. 


of t, and the difference of the square roots of the cohesive energy densities of the 
solvents and the polymer are compared in the table. 

The cohesive energy density of a soft vuleanizate of smoked sheet, determined 
by Gee’s method, is 65.5 eal./ce. 

The observed law—the decrease of the period at which the kinetic curve of 
swelling becomes linear with a decrease of the difference between the inter- 
molecular activity of the combining ingredients—must have a parallel in the 
influence of temperature on the kinetics of swelling. 

Vuleanizates of the following composition were swelled at various tempera- 
tures 


Per 100 parts by Per 100 parte by 
weight of rubber wemht of rubber 
SKS-30 100 
SKN-26 100 
Sulfur 05 
Diphenylguanidine 
Mercaptobenzothiazole 0.3 
Zine oxide 1.0 
Vulcanization time 100 minutes 5O minutes 


The kinetic curves of swelling of vulcanized butadiene-acrylonitrile and 
butadiene-styrene rubbers in dibutyl phthalate and dibuty] sebacate at different 
temperatures are shown in Figures 4, 5,6 and 7. The rubbers were swelled in 
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Fia. 4-- Kinetics of swelling of vuleanized butadiene-styrene rubber in dibutyl phthalate 


at various temperatures. The abscissa indicates the time in hours. 
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Fig. 5.—Kineties of swelling of vuleanized butadiene-styrene rubber in dibuty! sebacate at 
various temperatures. The abscissa indicates the time in hours. 


containers placed in a thermostat. The temperature variation was +1° C 
Swelling was measured by means of a torsion balance. 

The kinetic curves of swelling in this case can also be divided in two parts: 
curvilinear and rectilinear. 

The results presented in Figures 4, 5, 6 and 7 show an increase of the degree 
of swelling after a definite time interval with an increase of the temperature. 
For all the curves, an increase of temperature is accompanied by a decrease of 
the period necessary to reach the swelling—time maximum, 

When vulcanized butadiene-styrene rubber is swelled in dibutyl! phthalate, 
a linear relation between the degree of swelling and the time commences at 
20° after 108 hours, at 53° after 30 hours and at 60° after 20 hours; for swelling 
in dibutyl! sebacate, at 40° after 136 hours, at 53° after 108 hours, and at 60° 
after 90 hours. When vulcanized butadiene-acrylonitrile rubber is swelled in 
dibuty! sebacate, the linear relation between the degree of swelling and the time 
commences at 20° after 194 hours, at 53° after 156 hours, and at 60° after 108 
hours; in dibutyl phthalate, at 20° after 456 hours, at 53° after 246 hours, and 
at 60° after 204 hours. An increase of the experimental temperature accelerates 
the swelling process. The smaller is the difference in the nature of the inter- 
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Fie. 6. Kinetics of swelling of vuleanized butadiene-acrylonitrile rubber in dibutyl 
sebacate at various temperatures. The absciasa indicates the time in hours 


468 RUBBER CHEMISTRY AND TECHNOLOGY 


molecular forces (greater than the value of the degree of swelling), the more 
the temperature reduces the time in which the swelling maximum is reached. 
Thus, an increase of the experimental temperature from 53° to 60° during 
swelling of vulcanized butadiene-styrene rubber in dibuty] sebacate reduces t, 
from 108 to 90 hours, and in dibuty! phthalate, by 10 hours. When vulcanized 
butadiene-acrylonitrile rubber is swelled in dibutyl phthalate in the same tem- 
perature range, t, decreases by 64 hours, and in dibuty! sebacate by 38 hours. 

To compare the absolute values of the rate of swelling, we shall consider the 
swelling of vuleanizates in dibutyl sebacate. In this case, the influence of the 
nature of the intermolecular forces on the kinetics of swelling is not over- 
shadowed by the influence of intermolecular activity on the equilibrium degrees 
of swelling (accordingly for SKN-26 the equilibrium degree of swelling in the 
indicated temperature interval is ~8 and for SKS-30, ~10). The difference 
between the square roots of the cohesive energy densities of dibutyl sebacate 
and butadiene-acrylonitrile rubber is 0.65 (cal./eec.)', of dibutyl! sebacate and 
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Fic, 7.— Kinetics of swelling of vuleanized butadiene-acrylonitrile rubber in dibutyl § 
phthalate at various temperatures. The abscissa indicates the time in hours 


divinylstyrene rubber is —0.25 (eal./ec.)'. Accordingly the times to reach the 
maximum degree of swelling at 53° are 150 and 108 hours, and at 60°, 108 and 
90 hours. 

Thus, the experimental data confirms the theory advanced above. The 
influence of the nature of intermolecular activity on the rate of swelling is 
demonstrated in all the experiments, the results of which are presented in 
Figures 1-7 

This theory is also confirmed by the results obtained by Ermolenko" in his 
study of the kinetics of swelling of loaded vulcanized natural rubber in a mixture 
of benzene and p-dichlorobenzene mixtures. Unfortunately, this study was 
made on a loaded vulcanizate, in which the effect of swelling of the high polymer 
may be suppressed by the reaction between the solvent and filler. Neverthe- 
less, the kinetics of swelling of vulcanized rubber in mixtures of benzene and 
p-dichlorobenzene attests to the fact that the rate of swelling increases con- 
siderably in proportion to the accumulation of an ingredient which can polarize 
and react easily with the vulcanizate. Just as the addition of small amounts of 
a polar solvent to a nonpolar solvent at first increases swelling and solubility 
and reduces the molecular light-scattering effect, and a further increase of the 


KINETICS OF SWELLING 469 


polar solvent content decreases swelling and solubility, so in this ease it would 
be natural to expect an irregular change in the rate of swelling. However, this 
was not observed in the range of concentrations used. 

When the polar solvent content of a mixture with a nonpolar solvent is 
small, the molecular action of the solution may resemble that of the polymer. 
Here the rate of swelling should increase according to Equation (1). After a 
composition is obtained in which the difference in the nature of the molecular 
activity of the solution and the polymer is minimal, further addition of a polar 
solvent will retard the rate of swelling of a nonpolar ploymer. 

Comparison of the swelling of SKS-30 and SKNS26 in dibutyl phthalate 
and dibutyl! sebacate also indicates that the nature of intermolecular activity 
has a strong influence on the rate of spontaneous combination. The nature of 
the intermolecular activity of dibutyl] sebacate is more nearly like that of 
SKS-30 than SKN-26. Consequently, the rate of swelling of SKS-30 in dibuty! 
sebacate is greater than that of SKN-26. Analysis of Equation (1) leads to 
the conclusion that the rate of swelling increases with an increase of the tem- 
perature. 

We have already seen that the data in Figures 4, 5, 6, and 7 confirm this sup- 
position: an increase of the experimental temperature from 53° to 60° reduces 
by 48 hours the time at which a maximum degree of swelling in dibuty! sebacate 
is reached in the case of butadiene-acrylonitrile rubber and by 18 hours in the 
case of butadiene-styrene rubber. 

The case where an increase of temperature is accompanied by a retardation 
of swelling is theoretically possible. This will take place when destruction of 
the molecular bonds by heat leads to the formation of molecular groups which 
hinder comb. nation ; this is accompanied by an increase of the relaxation periods 
for three-dimensional stretching. 


CONCLUSIONS 


1. The kinetics of swelling of rubbers depends to a large degree on the 
intensity and nature of intermolecular activity. 

2. A decrease of the difference in the cohesive energy densities of the com- 
bining ingredients, when the nature of their activity is the same, is accompanied 
by an increase of the relative rate of swelling. 

3. An increase of the temperature in this case is accompanied by an increase 
of the relative rate of swelling. 
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A THERMOCHEMICAL STUDY OF HIGH 
MOLECULAR WEIGHT COMPOUNDS * 


M. A. KHOKHLOVKIN 


Aut-Unton Screntivic Ressancu InerireTe vor Syxtueric Kupper 


Among the classical methods which have found application in research on 
high-molecular compounds, the method of calorimetry is noteworthy. It is 
sufficient to mention the investigations into heat capacity', which, along with 
other measurements, helped to establish the second-order transition points, as 
well as the influence of crystallization temperature on the liquefaction of high 
polymers*. The determination of the heat capacity of isoprene and of natural 
rubber, in combination with data on their heats of combustion, permitted a cal- 
culation of the change of free energy of formation of natural rubber’. 

According to the data of Hock and Schmidt‘, the heat of swelling of natural 
rubber in various solvents ranges from +1.36 to —3.0 cal./gram. These data 
agree with those obtained from osmotic measurements’. Thus the change of 
free energy when natural rubber goes into solution is approximately determined 
by the entropy term; i.e., AF = — TAS. Bearing in mind that the heats of 
solution of rubber are of the same order of magnitude as the heats of mixing for 
two liquids, and are considerably lower than the heats of solution of solid bodies 
in liquids, we may conclude that the rubberlike state has more in common with 
liquid than with solid substances as regards solubility. 

We must note, however, that not enough experimental research has yet been 
done on the heat of solution of rubberlike polymers to make possible any gen- 
eralizationa regarding all high-polymer compounds. 

According to recently published data®, the heat of solution of polystyrene in 
a 15-fold solution of the monomer equals about +58.2 cal./gram. 

In a separate group are the investigations of the heat effects of various proc- 
exses, both by means of combustion in a bomb calorimeter and by indirect 
measurements, To this group belong determinations of the heats of poly- 
merization and of vuleanization, as well as the heat effects accompanying me- 
chanical, thermal, and electrical treatment of high polymers and their solutions. 

tesults of determinations of the heat of combustion of vulcanizates of 
natural rubber’ and of sodium-butadiene rubber® served in their time as im- 
portant evidence that the vuleanization process was, in fact, a chemical reaction 
between rubber and sulfur. 

The influence of mechanical treatment on the heat of combustion of high 
polymers was studied by us for natural rubber, sodium-butadiene rubber with- 
out antioxidants, and Vistanex. The data obtained are presented in Table 1 
and Figure 1, 

From the data presented, it follows that 10 minutes of milling reduces the 
heat of combustion of natural rubber by approximately 70 cal./gram, and that, 
within the limits of experimental error, the heat thereafter remains constant 
during milling for 3 hours on a roll mill. In the ease of Vistanex, the heat of 
combustion is reduced by 71 eal./gram through milling for 1.5 hours. The 


* Translated for Runsen Cuemistay ann from Isaledowaniya Oblasti V yaokomolekuly- 
arnykh Soedinenitt, Doklady k 6-01 Konf. po Vysokomolekul, Soedineniyam, 1949, pages 271-280. 
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TABLE 1 
Natural 
rubber Sodium-butadiene rubber V istanex 


; Heat of Heat of Data from Heat of Data from 
Time of ecom- com- elementary eom- Intrinsic elementary 


milling bustion bustion analysis bustion Viscos analysis 
(%,) 


(min.) (eal. /g.) (eal. /g.) (eal./g.) ity (9) 


10,789 10,641 11,208 


10,723 10,698 
10,714 10,622 11,206 11.04 H-14.61, 
C-85.67 
10,595 - 
10,712 10,576 8.98 


10,717 10,518 
10,620 


7 
7 
6 

10,560 

6. 

10,702 10,434 

10,286 
10,724 10,175 


intrinsic viscosity of solutions is diminished by a factor of 2 by this treatment. 
An analysis shows no appreciable degree of oxidation. The curve of change of 
the heat of combustion of unprotected sodium-butadiene rubber has a special 
character. At the outset a small rise is noted; then the curve declines to a 
value of about 120 cal./gram. According to data from elemental analysis 
during this period, no appreciable oxidation takes place. By further milling, 
the heat of combustion shows a sharp rise, which coincides with the oxidation 


Fic. 1.-——Effect of milling time on the heat of combustion of polymers. Bottom eurve sodium buta- 
diene rubber. Middle eurve—natural rubber. Top curve Vistanex. The abscissa representa milling 
time in minutes; the ordinate the heat in cal./g. 
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of the rubber (about 1.2 per cent molecular oxygen) and then the heat drops 
steadily, at which time the oxygen content reaches 5.7 per cent. The data ob- 
tained permit us to assume that oxygen plays a special role in the milling proc- 
ess. In the cases of natural rubber, Vistanex, and the first stage of milling of 
sodium-butadiene rubber, oxidation does not occur, and milling is accompanied 
by disaggregation. Oxidation causes a linking of molecules on the one hand, 
and the formation of polar groups, on the other. As a result, rubber becomes 
brittle, crystalline, and ineoluble in benzene. The increase of the heat of com- 
bustion, which coincides with the start of oxidation could be explained by the 
formation of especially activated oxygen compounds; the increase of the heat 
of combustion is too great, however, to be explainable by the formation of 
peroxides. This problem must be defined more accurately. 
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Fie. 2.—Effect of prolonged heating on the heat of combustion of sodium-butadiene rubber and Buna-8. 
Bodium-butadiene rubber-——top curves: 1-—-Temperature of 250° C; 2-~Temperature of 275°. Buna-5— 
lower curves: 1-——Temperature of 130°; 2—-Temperature of 150°. A indicates Khokhlovkin data; [J and 
0 data of Roth 

The abscissa represents the heating time in minutes; the ordinate the heat of combustion in cal./g. 


A decrease of the heat of combustion of Buna-S during disaggregation at 
130° and cyclization at 150° C was observed by Roth’. 

Together with Marya, we studied the effect of heating sodium-butadiene 
rubber in the absence of air at 250° and 275° C on its heat of combustion. The 
data obtained are depicted in Figure 2. 

From the curves presented, it is seen that the heat of combustion of sodium- 
butadiene rubber undergoes a linear decrease during 5 hours’ heating at 250° C. 
Since the rubber becomes insoluble during this treatment, we may assume that 
heating at 250° results in cyclization, which is accompanied by a decrease of the 
unsaturation of the rubber. 

An analogous decrease of the heat of combustion, with a simultaneous loss of 
unsaturation, was observed'® when 3-9 per cent solutions of Buna-S and natural 
rubber were processed under conditions where oxidation was excluded. 
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Determination of the heat effects of polymerization is possible by both direct 
and indirect means. While omitting for brevity any discussion of the great 
amount of experimental matter" in hand, we may note that the data obtained 
by both methods for the heats of polymerization of various unsaturated organic 
compounds fall within the range of 10 to 40 keal./basie mole (i.e., per mole of 
monomer), while theoretical calculations’? give in all cases approximately 20 to 
24 keal./basic mole. 

It was natural that an attempt would be made to explain the reasons for this 
deviation from theory, and to apply this information to elucidate the structures 
of the polymers formed and also the mechanism by which they are formed. 

It was shown" that heats of polymerization for the very same substance 
differ according to the conditions under which they are derived and the proper- 
ties of the polymers formed. Thus, for instance, the heats of polymerization of 
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Fia. 3.— Polymerization of buta- Fie. 4.—Polymerization of butadiene with sodium. The 
diene with sodium and potassium. abscissa represents the per cent conversion of the butadiene; the 
‘he abscissa represents the heat of ordinate on the left (corresponding to the solid line) represents 
polymerization in keal./base mole; the heat of polymerization in kcal. /hase mole; the ordinate on 
the ordinate the ratio of specific vis- the right (broken curve) represents time of polymerization in 
cosity to concentration minutes. 


butadiene into various forms of polymers of approximately 17 to 30 keal./basic 
mole were obtained. On the basis of the results derived, we noted the difference 
in structure of the polymers: and, in particular, the fact that the insoluble form 
of thermopolymer was the most saturated hydrocarbon. 

Of considerable interest is the change of the heat of polymerization at vari- 
ous stages of the reaction, since such data might be useful in studying the mech- 
anism of the reaction. For this purpose a direct measurement of the heat of 
polymerization in the diphenylmethane calorimeter was undertaken, and it 
was established that the heat effect of polymerization decreases with an increase 
of the viscosity of solutions of the polymers produced. This relation is shown 
in Figure 3, where the abscissa represents the heat of polymerization in keal. 
nsp 


basic mole, while the ordinate represents the quantity 


In the data of Luschinskil’* on the determination of heate of polymerization 
from the heats of combustion for styrene and polymers of styrene with various 
viscosities, the same relation is found. 

Besides this, we measured the heats of polymerization of butadiene in the 
presence of sodium at various stages of the process. The results are given in 
Figure 4, where the abscissa represents the percentage of the butadiene that 
has been polymerized, while the ordinate at the left represents the integral heat 
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effect in keal./basic mole (for the solid curve), and the one at the right repre- 
sents the time in minutes (for the broken curve). 

The curve shows that the heat effect is distributed irregularly through the 
period of the process and thus cannot always be used directly for the study of 
the kinetics of the polymerization process 

Tong and Kenyon'*, using the slope of the curve for the dependence of 


thermal data on tvC (where ¢t is time and C is the concentration of benzoyl 
peroxide) obtained the value of 0.52 per cent/min. The corresponding kinetic 
data from the literature, with some extrapolation, gives the value 0.48 per cent / 
min. 

We have no direct basis for converting the data obtained to the case of 
polymerization of compounds with only one double bond; however, the data of 
Luschinskif’* for various heat effects with the unfractionated, precipitated 
styrene thermopolymer (10.6 and 13.8 keal./basic mole), the data of Staud- 
inger'’ (21.9 keal./basie mole) and that of Goldfinger, Josefowitz, and Mark!* 
(15.0 keal./base mole) make it probable that no proportionality exists here be- 
tween the total effect and the depth of the process 

From the curve in Figure 4 it can be seen, further, that at the first moment 
the heat effect amounts to about 40 keal. This effect must be entirely related 
to the reaction between metallic sodium and butadiene, since this moment 
corresponds to only about 0.15 per cent of the whole polymerization. At 20 
per cent polymerization of the butadiene, the heat effect reaches a value of 
about 11 keal./base mole and remains the same until almost the end of the 
reaction. It is characteristic that at 99.6 per cent conversion the heat effect 
reaches 14 keal./base mole, and during the last 0.4 per cent rises to 15.7 keal. 

We may assume from this that, at the end of the polymerization, some sec- 
ondary reactions develop. The secondary reactions which take place toward 
the end of polymerization evidently are chemical in character and are connected 
with the complexity of the polymer molecule, as well as with the decomposition 
of the second double bond. The latter, in turn, is connected with the formation 
of rings. On the basis of the discussion above, we think that one might assume, 
however, that physical causes also play a part in the total polymerization effect. 

According to the data given above, the heat effect decreases with an increase 
of the viscosity of solutions of the polymer. We established this relationship, 
not only for the case of direct measurements of the heats of polymerization for 
butadiene in the presence of alkali metals, but also for milling sodium-butadiene 
rubber (the first section of the curve) and Vistanex. Just such a relationship 
was observed in natural rubber during the first 10 minutes of milling. As was 
shown, this is confirmed by other work!®, 

Tong and Kenyon" ascertained that the heat of polymerization of styrene 
and its products decreases with a reduction of the benzoyl peroxide concentra- 
tion. It is possible that this relationship plays some part in the present case, 
since a reduction of the catalyst concentration generally means an increase of 
the degree of polymerization and, accordingly, the length of the molecular 
chains. Unfortunately, however, the authors made no viscosity measurements, 

The examples cited compel us to recognize that such regularity has a general 
importance and depends neither on the chemical nature of the polymer nor on 
whether the samples investigated were obtained by means of polymerization, 
fractionation or depolymerization. 

We think it reasonable to assume that, along with the chemical reasons for 
structural character, the phenomenon discussed has a considerable bearing on 
the difference in intermolecular forces between polymers. If this is so, one 
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may assume that, as the length of the molecular chain increases, the strength 
of molecular cohesion decreases. 

Several authors”, by means of a hypothesis™ of steric hindrance brought 
about by the arrangement of the methyl groups in the polyisobutylene molecule, 
were able to explain the lower heat of polymerization of isobutylene (about 12 
keal./base mole). There is no doubt that this cause plays some part here, but 
it is evidently not the sole and decisive one. 

In the opinion of Evans and Polanyi, the tetraisobutylene molecule does 
exhibit steric hindrance; however, according to the data we obtained, the heat 
of formation of tetraisobutylene from the monomer equals 19.4 keal./base mole. 
Furthermore, the rise of the heat of formation from the monomer, from 12 to 
16 keal./base mole, which we derived from milling the polyisobutylene, is in- 
comprehensible from the viewpoint mentioned. It is difficult to imagine that 
such profound changes might take place by milling as to bring about a removal 
of the steric hindrances. Likewise, from this point of view there is no explana- 
tion for the heat of polymerization of butadiene (about 11 keal.), determined by 
us (Figure 4) in a polymer with no steric hindrances. 

One of the component heat effects in the heat of polymerization is the differ- 
ence between the heats of vaporization of the monomer and the polymer. An 
examination of the heats of vaporization of hydrocarbons shows that, based on 
the weight of the original unit, they decrease with an increase of the degree of 
polymerization until they reach a constant level. In particular, for lower 
molecular-weight polymers of isobutylene this limiting value is equal to about 
3.5 keal./base mole. On the basis of our hypothesis, one may assume that the 
heat of vaporization and the molar cohesion which is proportional to this (both 
calculated on the base mole) start to decrease again as the chain length grows 
further still. This conclusion is confirmed by the belief* that it is possible to 
lower the strength of the cohesion by having a large enough number of carbon 
atoms in the hydrocarbon chain. 

One of the principal objections to the hypothesis which we propose is found 
in the heat of swelling of rubber, which was mentioned above. However, as 
we noted, this problem requires further work. 

In order to verify the hypothesis which we put forward, we carried out the 
following experiments. Samples of polyisobutylene, unmilled and milled for 90 
minutes, were placed in test-tubes in a bath of boiling water for several hours 
After this, the first (unmilled) sample was cooled slowly over a period of hours, 
while the second (milled) sample was quenched by plunging it quickly into 
carbon dioxide at —80° C. The molecules of the first sample, when cooled 
slowly (annealed), should have become arranged in a denser packing; while the 
shorter molecules of the second, when quenched quickly, should have become 
frozen in an irregular pattern. From the assumption which we present, one 
would expect that, as a result of such physical transformations, the heat of com- 
bustion of the first sample would have been lowered and that of the second in- 
creased, The results of the determinations confirm this expected effect. The 
heat of combustion of the first dropped by 45 cal./gram, while that of the second 
increased by 53 cal./gram. 

In order to exclude the possibility of irreversible chemical reactions arising 
during prolonged heating, the following experiment was carried out. A sample 
of Vistanex, milled for 0.5 hour, was subjected by turns to annealing and quench- 
ing, and after each its heat of combustion was determined. The data obtained 
are given in Table 2; they show that the phenomena oceurring during quenching 
and annealing have a physical character. 
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TABLE 2 


Heat of combustion (cal. /z.) 


Milled 
Substance 0.5 hour Annealed Quenched Annealed Quenched Annealed 


Vistanex 11,182 11,158 11,187 11,135 11,174 11,147 
Vistanex 11,181 11,15 11,188 11,127 11,187 11,154 
Vistanex 11,188 ‘ 11,191 11,133 11,181 11,156 
Vistanex 11,155 - 


On the basis of this exposition, one may draw the conclusion that the heats 
of formation of high-polymer compounds result from the influence of several 
factors. The causes which have a bearing on the overall heat effect of poly- 
merization are as follows. 


(1) Variations in the mechanism of the reaction. We may note here that 
it is possible for diene compounds to combine in either the 1,2- or the 1,4-posi- 
tions, while in the case of ethylene compounds, combination is possible either 
head-to-head or tail-to-tail, and also cis- and trans- forms may be present. 

(2) The presence during polymerization of secondary reactions, such as 
branching and cross-linking, which may be accompanied by a decomposition of 
the second double bond and the formation of rings. 

(3) A difference in the strengths of molecular cohesion in the polymers 
formed, which is related to the physical condition of the polymer, and which 
depends on the conditions under which it was produced and the way in which it 
was treated ; there is also the relation to heat of polymerization, which depends 
on the length of the molecular chains. 


In the process of polymerization, the rapidly growing molecular chains 
spread out chaotically in space. The degree of irregularity in the polymer 
molecules depends, on one hand, on the chemical structure of the molecules and, 
on the other, on the length of the chains formed. Short, more mobile chains 
go more easily into the irregular condition than do the long ones. The approxi- 
mate determinations that we carried out showed that the sample of Vistanex 
milled for a long time exhibited the quenching effect to a lesser degree, which is 
entirely explainable by the greater mobility and the ability of the molecules to 
become oriented quickly in shorter chains. 
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THE LIGHT-SCATTERING METHOD 

One of the more recent research methods for high-polymer substances is the 
determination of molecular weight according to the diffusion of light in a solu- 
tion. This method was successfully used by Debye! for determining the 
molecular weights of polystyrene and of polyviny! esters, and by other investi- 
gators? for determining the molecular weights of polystyrene and of cellulose 
acetate. It seemed interesting to put this method into practice in our own 
investigation of the properties of rubber, which occupies one of the most im- 
portant positions commercially among the high polymer substances, 

The theory of light-scattering by pure liquids and solutions was developed 
by Einstein and Smoluchovskif® on the basis of the concept that the optical 
non-homogeneity of a liquid is the result of thermal fluctuations of density and 
concentration. The final results of Einstein's thermodynamic calculations 
may be presented by the following equation: 

(C-6-n/6C)? 


where 7 is the turbidity of the solution in em.~'; no is the refractive index of the 

solvent; No is the Avogadro number; A is the wave length in centimeters; C is 

the concentration in grams/ml.; 6n/6C is the concentration gradient of the re- 
6P/RT . 

fractive index; and ic is the concentration gradient of the osmotic pres- 

sure. 

The reciprocal dependence of turbidity on the concentration gradient of 
osmotic pressure expresses the basic Einstein relation between the amount of 
the fluctuations and the change of free energy during the creation of these 
fluctuations. The less the amount of the fluctuations, the greater should be 
the osmotic pressure which is able to bring about a local change in concentra- 
tion. 

Defining the constant quantities in Equation (1) by H/, we get 


6P/(RT) 
HC/r = Ya 


H ( \? 
3 6C ) 
* Translated for Kussea Curmierny Tecunovoey from Jsaledovantya Oblaati V yaokomolekulyar- 


nykh Soedinentl, Doklady k 6-o1 Konf. po Vysokomolekul. Soedineniyam, 1949, pages 254-262. 
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The osmotic pressure of dilute solutions of high-polymer substances can be 
represented by the empirical equation: 


P/(RT) = C/M + BC? + 


where B is « constant which depends on the solvent-solute system, and M is the 
molecular weight of the dissolved substance. 
Substituting and differentiating, we get: 


HC/r = + 2BC 


M 


Debye arrived at the very same result by means of a direct calculation of the 
particle field excited by the light falling on the particle. The calculation is 
possible in the region of very dilute solutions with small particles, which are 
considered as single dipoles vibrating with the wave length of the light. It is 
of considerable importance in the direet method for computing the intensity of 
the light-scattering to show that the final result is independent of the shape of 
the particle, since it is thus possible to ignore the particle shape in the caleula- 
tion. 


Natnwdenue 


Kia. 1 Diagram of the nephelometer. 1. Mereury lamp; 2. Lens; 3. Light filter; 4. Cell 
for the solution. The arrows at upper right indicate the point of observation 


In the expression for H/, the concentration gradient of the refractive index 
6n/6C may be replaced by the ratio " where n is the refractive index of a 


solution of concentration C. Such a substitution is possible because of the 
fact that, in the regions of dilution usually studied, the difference n — no is 
strietly proportional to concentration. 

From Equation (4) it follows that the ratio /C/r has a linear relation to con- 
centration. The section of the ordinate intercepted by a straight line on the 
graph drawn in terms of HC/r:C equals the reciprocal of the molecular weight. 
Hence, in order to determine the molecular weight according to the light-scatter- 
ing, it is necessary to measure the refractive index of solvent and solution at any 
given concentration, as well as the intensity of the light-scattering for several 
concentrations. Also we determine graphically the limiting value of HC/r 
where C—+ 0; this being equal, as was shown above, to the reciprocal of the 
weight-average molecular weight value. 

For refractive index measurements on solutions and solvents, we used the 
Pulfrich refractometer. The determination was made with the green line of 
the mercury lamp. The concentration gradient of the index of refraction was 
determined from measurements of the index of refraction of solutions of con- 
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centrations 0.8-1.2 g./100 ml. The light-scattering of the solution was 
measured with a Leitz nephelometer, with an angle of observation of 90°. 
The light source was the mercury lamp PRK-4, equipped with a light filter 
which transmitted only the green line in the mereury spectrum (A = 546 my). 
For a turbidity standard, a cloudy glass rod was used, which was calibrated for 
absolute turbidity with a Zeiss prism of known turbidity. 

Since the bulk of the solutions investigated had a considerably lower turbid- 
ity than the glass rod, intermediate standard solutions of gelatine in water were 
prepared. The accuracy of a turbidity measurement of an absolute value of 
10-* em.~' amounted to 2.5 per cent. A diagram of the nephelometric appara- 
tus is presented in Figure 1. 


TABLE | 
Molecular weight 


Light 
scattering Osmotic V iseowity 
Substance Solvent method method method 


Polystyrene I (a heat- Benzene 385,000 
polymer) 

Polystyrene IT (made Benzene 200,000 
with an initiator) 

Polymethy! methacrylate Acetone 117,000 
(fractionated)-I 

Il Acetone 588,000 

Ill Acetone 625,000 

IV Acetone 2,000,000 

Butadiene-styrene rub- Toluene 200,000 965,000 
ber (sol fraction) 

Butadiene-styrene rub- Benzene 370,000 = 440,00 

ber (commercial) 

Natural rubber (smoked  Toluene* 200,000- 200,000 178,000-+ 
sheet) (5% methanol) 280,000 240,000 200,000 

Natural rubber (pale Toluene* 215,000 
crepe medium frac- (5% methanol) 270,000 220.000 200,000 
tion) 

11 Brominated rubber (pale Chloroform 400,000 
crepe) 
* In Experiments 9 and 10, methanol was added only for the light-scattering method 


t The two values for molecular weight in Experiments 9 and 10 are the extremes of values obtained with 
various solutions made from one original rubber preparation 


By means of light-scattering, the molecular weight was determined for four 
fractions of various samples of polymethylmethacrylate, unfractionated poly- 
styrene, butadiene-styrene rubber, two forms of natural rubber, and brominated 
rubber. 

The solvents were carefully dried, and were purified by repeated distilla- 
tions. The solutions of high-polymer substances were purified by reprecipita- 
tion and by filtration through glass filters of medium porosity. Natural rubber 
and butadiene-styrene rubber were extracted in the cold with acetone before 
precipitation. All operations with natural rubber were carried out in an 
atmosphere of purified nitrogen. The nitrogen was purified of any traces of 
oxygen and moisture by passing it over copper placed on silica gel, at 300° C, 
and then through a system of drying agents (sulfurie acid, caleium chloride, 
and phosphorous pentoxide). 

The results of the molecular-weight determinations are presented in Table | 
In Figures 2 and 3 are given graphs for the determination of [HC/r eso for 
various compounds. 


Ex- 
peri- 
ment 
No 
| 
ON 


«a 


aj a2 03 0% 05 06 07 06 ag 
Konuenmpaqua, 6 2/100 un 


Fic, 2.--Determination of the molecular weight by light-scattering. 1, Butadiene-styrene rubber; 
2. Polystyrene, The abscissa represents solution concentration in grams per 100 ml. M denotes molecu- 
lar weight 
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Fis. 3.——Determination of molecular weight by light-scattering. 1. Natural rubber; 2. Brominated 
natural rubber. The abscissa represents the concentration of the solution in grams per 100 m!l. M de 
notes molecular weight. 
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THE OSMOTIC METHOD 


For the osmotic measurement of molecular weight, we used the glass osmom- 
eter proposed by Dogadkin for measuring osmotic pressure by the static method, 
an apparatus whose use has become rather widespread within the last two years. 

The osmometer (Figure 4) consists of a glass cell (7) with a capacity of about 
15 ml. A semipermeable membrane serves as the bottom of the cell; this is 
attached to the ground glass flange of the cell (2). The solution is poured into 
the cell through the outlet tube (3), which is closed by means of the ground-glass 
stopper (4). An airtight closing is made possible by a mercury seal. The 


Fie. 4. Diagram of the Dogadkin osmometer. The legend on the right-hand side of the diagram 
indicates mereury 


top part of the cell ends in a graduated capillary (4), with a diameter of 0.7 mm 
and a length of 12-15 em.; another capillary (4) exactly similar is attached to 
the first in such a way that its end is immersed in the solvent and serves for the 
calculation of capillarity. The cell is placed on the ground collar (7), which is 
set on the bottom of the vessel containing the solvent (8). The vessel is closed 
with a ground cover. 

All of the work was done with membranes of the fine Ultracellafilter type; 
with these an equilibrium was reached within 4-6 hours after the start of the 
test. The membranes were treated with alcohol, and were cemented on with 
an aqueous solution of polyvinyl alcohol. These were then heated for 20 min- 
utes at 70-100° C while the membrane was compressed gently. The cemented 


481 
6 
\ Hiro 
Pmymb 
H 
8 Tid ¥ 


482 RUBBER CHEMISTRY AND TECHNOLOGY 


membranes were then washed with the solvent, and after this the membranes 
were kept immersed in the solvent at all times until the start of the test‘. 

Before the osmometer is filled the temperature of the solution and of the 
solvent are adjusted to 25° C. The solution is poured into the cell, and, by a 
movement of the stopper and a slight tilting of the cell, the solution is brought 
to any desired level. The excess solution is forced out, by the insertion of the 
stopper, to a point above the ground-glass portion. Mercury is poured on the 
stopper, and the excess solution above is removed with filter paper. The cell is 
placed carefully, so as not to damage the membrane, on the collar in the vessel, 
in which the solvent has already been placed. The level of the latter is made 
even with the lower level of the mercury in the side-tube. 

The vessel containing the cell is immersed in a constant-temperature bath 
at 25 + 0.1° C 

The amount of the rise A is determined from the difference between the 
levels of the control capillary and the capillary connected with the cell. 


h 


0 02 04 06 08 10 
Konyenmpayus, 8 2/100 ma 
Fia. 5.—Determination of molecular weight by osmotic pressure. 1. Medium fraction of pale crepe. 


2. Smoked sheet. The abscissa represents the concentration of the solution in grams per 100 ml.; the 
ordinate the ratio h/( M denotes molecular weight 


At the beginning of the test the concentration of the solution in the cell is 
determined, The calculation of molecular weight from osmotic experiments is 
carried out according to the equation : 


RT lim h 
M == 


where the limiting value of h/C is determined by means of a graph (Figure 5). 
DISCUSSION OF RESULTS 

As has been noted, the light-scattering method gives the weight-average 
molecular weight, and is not affected by the shape of the particle being investi- 
gated. As a consequence of this, the light-scattering method in many cases 
proves to be uniquely suitable for research. An important virtue of the method, 
also, is the fact that it makes possible work with very dilute solutions, and that 
the higher the molecular weight, the lower can be the concentration of the 
solution being studied, 
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However, the method has its inherent limitations, as well as certain experi- 
mental difficulties. Among the former is, first of all, the limitation in the size 
of the particles being investigated. The necessity of introducing a correction 
for the presence of particles comparable in size to the wave length increases 
the possibility of error in the determination. In some isolated cases, for in- 
stance, with a natural rubber solution, it has proven possible to avoid the cor- 
rection by the choice of the solvent. The configuration of molecules in solution 
depends on the solvent. Apparently in “good” solvents the bends in the high- 
polymer molecules are laid together more loosely and, as a consequence of this, 
have a greater volume. We should carefully take note of such circumstances, 
since the compression of the separate molecules in ‘“‘bad’’ solvents is always 
accompanied by the formation of aggregates, and in some cases the aggregates 
survive even in highly dilute solutions. The latter situation may lead to a 
determination of the particle weight instead of the molecular weight, even under 
conditions of extrapolation to infinite dilution (as with natural rubber in 
halogenated solvents). 


TABLE 2 


Method of determining Molecular 
Solution molecular weight weight Author 


Natural] rubber in toluene Osmotic method 200,000 Present work 
240,000 

Natural rubber in ether Ultracentrifuge 400,000 Kraemer® 
(sol-rubber) method 435,000 

Natural rubber in carbon Diffusion measure- 400,000 Pasynskii and 
tetrachloride ment method Catovskaya® 

Natural rubber in toluene Light-scattering 200,000 Present work 
with 5% alcohol method 280,000 


Among the experimental difficulties of this method is the necessity for a 
sufficiently great difference between the refractive indexes of solution and 
solvent. On the basis of our determinations and the data of other research 
workers, it was established that the difference in refractive indexes for | per cent 
solutions should be about 0.0005—0.001. 

Because of this, several commonly used solvents, such as benzene, toluene 
and gasoline, are unsuitable for natural rubber. Sometimes the difficulty may 
be overcome by the use of two-component mixed solvents, but this is undesir- 
able, since it complicates the work of measurement considerably. 

Among the experimental difficulties of this method, we may also take note 
of the prohibitively high requirements for the purity of the solutions to be 
tested. Lower molecular weight impurities, if present in only such quantities 
as not to change the index of refraction, are of no great importance. Mechani- 
cal contamination is easily avoided and thus causes no complication of the 
work. The greatest obstacle, however, is found in the high molecular-weight 
contaminants, since their removal is always difficult, and the presence of even 
insignificant quantities in the test solution may change the results of the deter- 
mination completely. With colored solutions it is almost always possible to 
choose a primary color which is outside of their absorption range on the spec- 
trum. However, the necessity of investigating a broad region of the spectrum 
in this case likewise involves difficulty. 

The experimental difficulties noted are not insuperable, however, and the 
comparative simplicity of the design of the apparatus and the speed with which 
results are obtained have made a wide utilization of the method desirable in the 
performance of our research work. 
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In comparing the molecular weight values which we obtained by the method 
of light-scattering and by the osmotic method, we note that the results agree 
satisfactorily. In certain cases the values for light-scattering are higher than 
the osmotic data, which is perfectly natural for polydispersed systems, since 
light-scattering gives the weight-average molecular weight, while the osmotic 
method gives the mean weight. 

The results obtained by us for the molecular weight of natural rubber, by 
both the light-scattering and the osmotic methods, agree with values found 
earlier (see Table 2). The discrepancies are not in excess of those usually 
found when different preparations are used. 


CONCLUSIONS 


1. An account is given of experiments to determine the molecular weight of 
natural rubber and other high molecular-weight compounds by light-scattering 
and osmometry 

2. A new design of osmometer for determining molecular weight is described. 

3. It is shown that the light-scattering method gives molecular weight 
‘values which agree satisfactorily with those given by the osmotic method. 
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THE PLASTICIZATION OF BUTADIENE-STYRENE 
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The process of plasticization produces in the structure of rubber, and there- 
fore in its properties, a number of reversible and irreversible changes. The 
former include partial breakdown of the secondary formations; the latter, 
destruction of the chain molecules and a change in their forms. Under factory 
conditions of plasticization, on rubber mills or in closed plasticizing machines 
these changes result from mechanical, oxygen, and thermal action. Determin- 
ing the influence of each of these factors separately presents considerable 
difficulty under these conditions. However, by carrying out the plasticization 
at low temperatures, we can reveal the role of the mechanical reactions, exclud- 
ing the thermal ones, almost completely ; while by conducting the plasticization 
at an elevated temperature in an atmosphere of an inert gas or in the presence 
of oxidation inhibitors, we may clearly delineate the effect of the thermal action 
itself, 

The problem of a research worker in the field of the study of the plasticiza- 
tion process at present does not consist of seeking evidence of the existence of 
the numerous individual reactions; adequate evidence of this kind is found in 
the results of the work of Dogadkin', Novikov’, Farberov, Suslyakov, and 
Margolina’, Staudinger‘, Busse®, etc. The problem consists, instead, of a more 
intensive examination of the structural changes brought about in rubber by 
these partial reactions, a study of their effects on the technological and commer- 
cial properties of rubber and its vuleanizates, and a selection of the most effici- 
ent and economical conditions for industrial plasticization, which is not at all 
ideal at the present time. Before going into a study of the plasticization proc- 
ess on this plane, however, we must choose in a practical way conditions which 
permit us to produce plasticized rubbers differing considerably from one an- 
other in their properties. 

It is necessary to separate the structurizing reactions from the destructive 
reactions, since the preservation of a linear structure in the molecule is, from 
our point of view, of considerable importance in the structure of the plasticized 
product. The occurrence of a branched three-dimensional structure as a result 
of a linking of the molecules (at the time of their destruction) should cause a 
deterioration of the commercial properties of rubber stocks and of vuleanizates 
of these. As will be seen later, this proposition has been fully confirmed by 
experiment. The study of plasticization kinetics presents a means of choosing 
the conditions that we need for the purposes noted above. The point is that, 
by tracing the change of the kinetics of rubber plasticization through a change 
of the plastic properties, we can detect at once whether both reactions (structure 
formation and destruction) are going on simultaneously or whether one or the 
other is proceeding alone. In the first case, the kinetic curves show one property 


* Translated for Rusnen Curmistray anno Tecunovooy from IJesledowaniya Ollasti Vysokomoleku 
lyarnykh Soedinenil, Doklady k po. Vysokomolekul, Soedineniyam, 1949, pages 129-137. 
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or another of the rubber as passing through a maximum or minimum; in the 
second case the kinetic curves obtained show the steady rise or fall of some 
property. 

Figure | shows a set of experiments in plasticization on a rubber mill at 
20-30° C. It is evident from the diagram that even fairly prolonged treatment 
(up to 300 minutes) does not cause any decrease of plasticity. Such a result 
indicates that no structure forming reactions are to be found in this case, and 
that the number of three-dimensional branchings of molecules does not increase 
under these conditions. 

The kinetics of plasticization at temperatures below 30° is described ade- 
quately by the equation: 


P = Po +a(l — (1) 


100 150 200 250 500 
bpema nnocmukoyuu, 6 wun 


Phe kinetics of plasticization of rubbers on a laboratory mill with the rubber at ternperatures of 

1--Sinoked sheet; 2--Buna-88; 3-—-Soft butadiene-styrene polymer; 4——JRS rubber; 5-Buna- 

Buna-N. The abscissa represents the plasticization time in minutes; the ordinate represents 
plasticity 


where P is the plasticity of the rubber at the moment of time (7); Po is the 
original plasticity of the rubber; &, is the constant of plasticization rate ; a is the 
proportionality constant between the number of acts of destruction and the 
plasticity. The applicability of this equation is confirmed by the way in which 
the experimental points fall on the theoretical curves for various kinds of rub- 
bers (Figure 1). 

If plasticization at low temperatures is not accompanied by structure forma- 
tion, the plasticization of butadiene-styrene copolymers at elevated tempera- 
tures (the so-called thermo-oxidative plasticization) is related to the simultane- 
ous operation of destruction and structure forming reactions. In kinetic data 
this appears a8 a maximum on the plasticity curve. Figure 2 presents results of 
plasticization in a laboratory banbury machine at a temperature of 140-145° C. 
The aforementioned phenomenon has been noted repeatedly, but the interpre- 
tation of it has been faulty. It was supposed that the process of structure 
formation began after the destruction process was essentially finished. How 
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Kio. 2.--The kinetics of plasticization of Buna-8-3 rubber in a laboratory banbury at 140° C, with vari- 
ous proportions of plasticizer. 1.--With 5 parts by wt. of plasticizer on 100 parts by wt. of rubber; 2.4 
parts; 3-—3. parts; 4.—-2.5 parts; 5.--2.0 parts; 6.--1.5 parts; 7.—1 part; 8.--Without plasticizer 


widespread such an opinion is can be seen even in the form of the equation used 
in some German work to describe the softening of Buna S-3 in a boiler, as fol- 


lows: 
(2) 


20 200 260 400 
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Fia. 3.—Comparison of the experimental kinetic curves of plasticization of Kuna-&-3 rubber without a 
plasticizer in a oe a banbury at 140° C, with the theoretical kinetic curve obtained from Equation 
(4) The abscissa represents the time of plasticization in minutes; the ordinate scale on the left represents 
plasticity, while those on the right represent the values of the functions /i(1r) and fr(7) as expressed in broken 
curves 1 and 2, respectively. The solid curve represents the experimental data 
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When the reactions proceed simultaneously, causing these properties to 
change in opposite directions, the kinetics of the total process may be de- 
scribed by an equation in the form: 


P = +a-m)(1 — bn)... (3) 


where m and n are the number of acts of destruction and structure formation, 
respectively, of the polymers during plasticization; P» is the original value of 
the plasticity P; and a and b are constants of proportionality. 

A comparison of experimental data for the change in plasticity of Buna 8-3 
rubber in the process of treatment in a boiler at 140° C, with the indexes of 
plasticity calculated according to an equation of the proposed type, indicates 
that this describes hot plasticization adequately. This is evident in Figure 3 
where the points indicate the experimental data (series of experiments done at 
atmospheric pressure), and the solid line represents the theoretical change of 
plasticity, calculated according to the equation: 


P = 0.00301 + filr) — fr(r)] 


The course of the functions z = f;(7) and y = f,(r) is delineated in Figure 3 
by the rising and falling broken curves, respectively. Figure 3 demonstrates 
that the most rapid process of structure formation can be combined at the same 
time with a rapid increase of plasticity; and this is true not only when the 
plasticity is passing through a maximum. According to this, three-dimensional 
branched molecules should emerge at the very beginning of the process; this is 
revealed in the properties of polymers which have been even slightly plasticized 
by the hot method 

In order to describe the structural change of polymers in the plasticization 
process and to relate these changes to plastic properties, let us examine separ- 
ately the influence of structure formation and destruction on the average molec- 
ular weight and the form of the polymer molecules. It is evident that each act 
of destruction brings about a decrease of molecular weight and that the average 
molecular weight M,,, in a period of plasticization during which the one chain 
undergoes m acts of destruction is determined by the equation: 


M, 


where M, is the average initial molecular weight. 

During this, the configuration of the molecules should not change, assuming 
that scission is equally probable for any bond between links of the chain. 

In the case of structure formation, however, each act brings with it a change 
in the configuration of the molecules, since the probability of two molecules 
being linked together end-to-end is practically nil. In this system there is a 
gradual accumulation of new structural forms, which may be characterized by 
the degree of branching (W). Considering the branching in a linear polymer as 
unity, and assuming that, in the plasticization process during a given period of 
time, the polymer undergoes n acts of structure formation, we may characterize 
this in the following manner: 
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where N,, is the number of linear fragments of molecules within the system ata 
given moment; this is evidently equal to: 


Transforming Equation (3) into the following form: 
P = (a; + bym) (a, — byn) 


and substituting in this the values of m and n from Equations (5) and (6), we 
obtain an approximate equation for plasticity which depends on the average 
molecular weight and the degree of branching: 
| bM, (by a,)M.. (he bW M, aM. 


20 


_ 
| 
| 
| 


a3 05 a7 
Nnacmuvnocm 
Fig. 4. Dependence of recovery capacity on plasticity in the plasticization of a soft polymer on a cold 


mill (1) and in @ boiler at 140° C (2). The abscissa represents plasticity; the ordinate the recovery figure 
of samples in a Williams plastometer (see Reference 6), 


With a decrease of molecular weight, the interaction between molecules de- 
creases, and by the action of the same internal foree, the polymer is distorted 
appreciably. With the formation of branched molecules, consisting of linear 
fragments from the scission of molecular chains linked together, the polymer’s 
capacity for elastic recovery rises. Here the same thing happens as in vul- 
canization, where intermolecular bridges introduce a mutual distortion of the 
chains and permit the material to recover its shape rapidly after the load is 
removed. Thus a change in the capacity for recovery* may characterize changes 
in the extent of branching of a polymer in the plasticization process. And in 
fact, as can be seen in Figure 4, plasticized material obtained from cold process- 
ing has a lower recovery capacity (hy, h;), for the same plasticity, than 
plasticized material obtained from hot processing 

The breakdown of the three-dimensional structures under cold plasticiza- 
tion, or at any rate the absence of newly formed three-dimensional molecules, 
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Fia. 5.— Dependence of tensile strength of vuleanizates on the plasticity of the stiff polymer when 
plasticized on @ cold mill (/) and in a banbury at 145° or a boiler at 140° C (2). The abscissa represents 
plasticity; the ordinate tensile strength in kg. per sq. em 


should show up favorably in the physical and mechanical properties of vul- 
canizates of these rubbers. Plasticization, by reducing the molecular weight 
of rubber, usually impairs the quality of pure rubbers. In rubber with carbon 
black or other additives, this effect of plasticization is somewhat reduced, inas- 
much as an increase of plasticity, as a rule, improves the dispersion of the addi- 
tive in the rubber. If the decrease of molecular weight in the plasticization 
process, however, is accompanied by the simultaneous formation of three-di- 
mensional branched molecules, then its physical and mechanical properties 
should deteriorate even more. 

Dogadkin and Karmin’, as well as Gee*, demonstrated that the tensile 
strength of vuleanizates at optimum vulcanization is proportionate to the 
amount of the highly oriented phase present. Doubtless the orientation of 
branched molecules is hampered considerably in comparison with that of linear 
molecules, Thus, if plasticized rubber obtained by thermal-oxidative treat- 
ment really contains more branched molecules than cold-plasticized rubber, 
stocks made from the former should have a lower tensile strength than those 
from the latter. 

Figure 5 shows that tensile strengths of stocks from hot-plasticized rubbers 
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Fia. 6.—The relation of the percentage elongation of a vulcanizate to the plasticity of the soft polymer 


when plasticized on a cold mill (/) and in a banbury at 145°C (2). The abscissa represents the plasticity ; 
the ordinate the percentage elongation. 
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are lower in all cases than those of stocks from cold-plasticized rubbers. A 
comparison of Figures 4 and 5 shows that the tensile strengths of vuleanizates 
are closely related to the structural parameters of plasticized rubbers: their 
molecular weight (a decrease of which shows up as increased plasticity) and 
degree of molecular branching (an increase of which is reflected in an increase 
in capacity for recovery). It follows from Figure 6 that vuleanizates from cold- 
plasticized rubber give stocks with a high percentage elongation, which is like- 
wise explained by its lower content of branched three-dimensional molecules 
which would hinder the elongation of the stock. 


CONCLUSIONS 


1. The kinetics of the plasticization of a butadiene-styrene copolymer on a 
cold laboratory mill was studied. It was established that, at temperatures of 
20-30° C, the plasticity rises steadily and that, consequently, under these con- 
ditions a monodirectional destructive process takes place. 

2. The kineties of plasticization of a butadiene-styrene copolymer was in- 
vestigated in a laboratory banbury at 140° C, both with and without a plasticiz- 
ation aid (chemical). Plasticization at a high temperature is accompanied by 
the simultaneous operation of the two reactions of destruction and structure 
formation proceeding at cross-purposes, and may be described by a kinetic 
equation of the type: 


P = P,(1 + a-m)(1 ~ hen) 


3. Plasticized rubbers obtained by breakdown on a cold mill have a smaller 
capacity for recovery than those obtained by treatment in a boiler or a banbury 
at temperatures above 120° C, 

4. Plasticized rubbers obtained by milling on a cold mill give stocks with 
higher tensile strength and higher relative elongation than rubbers plasticized 
by hot treatment. 

5. The high recovery capacity of rubbers plasticized at elevated tempera- 
tures and the lowering of the physical and mechanical properties of vuleaniz- 
ates of those rubbers are explained by the branched molecules which they form 
during structure formation. 
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GLASS TRANSITIONS IN POLYMER-PLASTICIZER 
SYSTEMS * 


L. BREITMAN 


Resrancn Devecorment Diviston, Potyvmen Lrp 
Baunta, Ontario, CANADA 


An elastomer, on cooling, is transformed within a fairly narrow temperature 
range from a relatively elastic, readily processed material to a hard brittle glass- 
like mass. The ‘glass transition’ region of a polymeric system serves to 
define a temperature below which rubberlike properties cannot exist. Transi- 
tion phenomena in polymers are discussed by Boyer! in a review, with an ex- 
tensive bibliography to 1952. 

In this study it was desired to ascertain, in broad outline, the properties 
of a diluent which promote flexibility in elastomeric blends by postponing the 
glass transition to lower temperatures. 


EXPERIMENTAL 


Of the properties which may be measured to determine a glass temperature, 
relative volume was selected for its simplicity and convenience. The dilatom- 
eter designed by Bekkedahl and Wood? was used for pure polymers and their 
blends with diluents. A glass bead at the neck of the bulb prevented clogging 
of the capillary by polymer and a glass plug served to avoid degradation of the 
polymer and ignition of diluent when the bulb was sealed off. A silicone oil* 
was chosen as confining fluid because of its low swelling power and its linear 
V-T relation to at least —100° C. With but two exceptions noted elsewhere 
in this paper, the miscibilities of the silicone oil with the diluents were low 
enough to preclude appreciable extraction of the latter from blends with poly- 
mer. 

Filling of the dilatometer with the silicone oil was accomplished by small 
increments under vacuum, except when the diluent was too volatile. With 
care, most air pockets could be eliminated by alternate cooling and gentle 
warming. The presence of some air was tolerable; it was unnecessary to cal- 
culate specific volumes since the determination of a glass temperature could be 
made from direct dilatometer readings. A U-type dilatometer was used for 
measurements on liquids less dense than the confining fluid. Temperature con- 
trol was achieved by immersing the dilatometer in a well stirred Dewar flask 
containing methanol, cooled by the addition of dry ice or liquid nitrogen as 
required, Temperatures were determined with a platinum resistance thermom- 
eter in a bridge circuit with a sensitive galvanometer as detector. The height 
of the liquid level could be estimated to within 0.2 mm. on a seale fixed to the 
capillary of the dilatometer. Unless otherwise specified, ten to fifteen minutes 
were allowed to elapse at each temperature before a volume reading was made. 
The precision of the 7’, determinations is estimated as +1° C 

Several measurements of low-temperature flexibility were also made, using 
a modified Gehman test®. A vuleanized polymer containing the plasticizer 


* Reprinted from the Journal of Applied Physica, Vol. 26, No. 9, pages 1092-1008, September 1955 
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Tasie | 
Ester Pviasticizers 1n GR-S 


Vol. increase 
on swelling 
of vulcanizate Max AT, 
% 


Diluent 


Methy!phthalyl- 

ethyl glycollate 3.8 
Dicarbitol phthalate 
Tributoxyethy! 4.5 

phosphate 0.1 
Dibuty] phthalates 33. 0.7 
Diocty! adipate* 0.0 
Diocty] sebacate/ 0.0 
Dibutyl] sebacate’ ( 0.0 

* don-s taken as 8.6 

(diluent) calculated from molar attraction constants‘. 

* Monsanto Chemical Co. 

4 Ohio Apex, Ine 


* Carbide and Carbon Chemical! Co. 
4 Resinous Products and Chemicals Co. 


(66 


and 50 parts Philblack-O per hundred of blend was subjected to torsional stress 
by means of a suspended wire clamped to its end; the angular response was 
measured after ten seconds. 

The source and purity of the diluents are recorded in Tables I, II, ITI, and 
IV. These materials were used as received. Blends were prepared by the 
addition of diluent to polymer on a cold mill to facilitate rapid dispersion. 
Mixtures containing in excess of 15 parts of diluent with a melting point higher 
than 130° C (Tables II, III, and IV) were generally not homogeneous. After 
some time, separation of solid was evident at about 25° C. The remaining 
blends appeared to be true solutions at room temperature. The polymers were 


II 
Compounps in Bury. Rupper 


Loading wt 
Melting diluent per Glass 
point hundred temperature 
Diluent (°C) polymer (°C 
— nil 
Adipic acid* 151 10 
Sebacic acid? 153 
Suecinic acid* 185 30 
n-Octadecanol* 5Y 20 
n-Decanol¢ —6 30 
Ethyleneglycol4 —17 
Mannitol 166 
Stearic acid* 69.4 
Caprice acid? 31.5 


> 


Dibuty! sebacate — 20 


o 


n-Octanol* ~16 


Valeric acid4 ~ 34.5 


x 
— 


* Reagent grade, Matheson Company, Ine 

* Practical grade, Matheson Company, Inc 

* Reagent grade, Eastman Kodak Compan 

Purified Central Scientific Company, 
* National Bureau of Standards. 
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III 
Compounps «in Nirrite Rupper 


Loading wt. 
Melting diluent per Glass 
point hundred temperature 

Diluent (°C) polymer (°C) 
- nil —32.5 

Sebacic acid 134 5 — 33 
Suceinic acid 185 30 — 29.3 
Mannitol 166 40 —32.5 
Stearic acid 69 10 —32.5 
n-Octadecane 27 5 —28.5 
Valeric acid 34.5 10 —41.4 
40 —52.5 

Hexachloro- 22 42 —41 


butadiene 


* Hooker Blectrochemical Co 


Polymer Corporation Limited production samples. GR-S was a high molecu- 
lar weight butadiene-styrene copolymer obtained at 72 per cent conversion from 
a 72/28 butadiene /styrene charge ratio at 5° C. The composition of the nitrile 
and Butyl rubbers were 68/32 butadiene-acrylonitrile and 98/2 isobutylene- 
isoprene, respectively. All dilatometric glass temperatures reported here refer 
to unfilled, uncured polymers and blends. 


RESULTS AND DISCUSSION 


For our purposes the diluents can be conveniently classed as diester plasti- 
) 


cizers, crystalline solids, and hydrocarbon oils. 


ESTER PLASTICIZERS 


Figure | presents experiments volume-temperature data for a typical com- 
patible system, dioetyl phthalate-GR-S. The curves consist of the usual two 
linear segments intersecting at T,. Larger scale plots sometimes revealed a 
curved transition region; the extrapolations to a point of intersection then gave 
the characteristic temperature. 

The effect of plasticizer concentration in two typical GR-S compatible 
systems is illustrated by Figure 2. The lower curve for dibutyl phthalate shows 


Taste IV 
Compounps 1n GR-S 


Loading wt 
Melting diluent per Glass 
point hundred temperature 

Diluent coc polymer (°C) 
nil — 62.5 
Adipic acid 151-3 15 —61.0 
Succinic acid 133 5 ~61.0 
n-Octadecanol 59 50 61.5 
n-Octanol 16.3 : — 62.5 
Ethyleneglycol 12 ~ 60.0 
Mannitol 166 d ~ 63.5 
Stearic acid 69.4 : —60.0 
Caprice acid 31.5 ‘ —62.5 
Valeric acid — 34.5 K —75.5 
— 67.5 
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OILATOMETER READING 


76-86-86 
TEMPERATURE °C 


Fig. 1.—Dioety! phthalate in GR-8, 
the limiting or “saturation” effect of high plasticizer concentrations. This 
behavior was evident in every system investigated at sufficiently high diluent 
loadings. The saturation effect in dioctyl phthalate-GR-S blends would pre- 
sumably be evident at higher plasticizer concentrations. The deviation of the 
glass temperatures at zero plasticizer concentration is probably a reflection of 
differences in nonpolymer content, mostly soap, between two production 
samples of the copolymer. 

Additional data for a series of ester blends, including certain literature 
values*, were analyzed. The properties of interest for each system were: the 
maximum depression of the glass temperature, the concentration of diluent at 
which a saturation effect is evident, and the compatibility of the two compon- 
ents. The data in Table I illustrate the relationship between compatibility and 
the maximum effect on the glass temperature. The second column gives the 


maximum experimental volume increase of a standard vulcanizate swollen at 
55° C in an excess of each ester. According to the Flory-Rehner theory’ of 
swelling of polymer networks, the magnitude of the volume increase for a fixed 
degree of cross linking—-assured by the use of a standard vuleanizate—is a 


GLASS TRANSITION TEMPERATURE °C 


4 
40 600 
CONCENTRATION PHR 


Fie. 2.—-Typical GR-8 compatible systems 


« ° 
« 
7 
7 
: 
4 OBUTYL 
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measure of solvent-polymer interaction. Specifically, the interaction param- 
eter is related to the heat of solution, which, at least in the simplest cases, is 
proportional to the square of the difference between the so-called solubility 
parameters, 6, for the polymer and the swelling agent. The best solvent is one 
for which this difference is least. The parameters of the esters were calculated 
from their structures and the scheme of molar attraction constants proposed by 
Small‘. It is observed from the data in Table I that there is rough agreement 
between experimental and theoretical estimates of compatibility on the one 
hand, and between AT ymax and compatibility on the other. Dibutyl sebacate 
does not fit the pattern established by the other esters, and will be considered in 
another section of this paper. 

The curves of Figure 3 show a linear relationship between the maximum 
depression of the glass temperature of uncured polymers and (1) volume in- 
crease on swelling of the corresponding vulcanizate and (2) the ester concentra- 


ESTER CONCENTRATION (PHR) AT MINIMUM T, 


Fig, 3.—Effect of eater plasticizers on GR-8. 


tion beyond which 7, is not appreciably changed. It appears, therefore, that 
the saturation effect at high ester loadings is closely related to the compatibility 
of the components of the blend. Whether actual phase separation of excess 
diluent, or ‘sweating out’’, occurs at the saturation concentration is not known. 
The glassy state (i.e., at or below 7) may be considered* as one in which the 
rate of relative motion of the kinetic units has fallen to a value of the same order 
of magnitude as the experimental time-scale. In a pure polymer the segmental 
jump rate and its temperature dependence are determined by structural details, 
intermolecular, and intramolecular forees which govern local frictional resist- 
ance. The effect of plasticizer is to replace polymer segment—segment con- 
tacts by plasticizer—segment associations to an extent dictated by the plasti- 
cizer concentration and its solvating ability. If phase separation does not 
occur, saturation presumably corresponds to the plasticizer concentration be- 
yond which local frictional resistance to segmental mobility is not materially 
diminished. Jenckel* has determined glass temperature by refractive index 
measurements on several polystyrene-plasticizer blends over very wide con- 


see orp 
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centration ranges. His results indicate if the that plasticizer has sufficient 
solvent ability to ensure complete miscibility in all proportions with polymer, 
and if the plasticizer itself undergoes a glass transition, then 7’, for the blends 
can vary continuously between the glass temperatures of the pure components. 
In such systems the glass temperature of the pure diluent appears to be the 
significant property. 

CRYSTALLINE SOLIDS 


Volume-temperature measurements were made on blends of GR-S, nitrile, 
and Butyl rubbers with a variety of compounds including carboxylic acids, 
aleohols, and hydrocarbons. Typical results are shown in Tables II, III], and 
IV. With the exceptions of dibutyl sebacate, valeric acid, and hexachloro- 
butadiene, the diluents were high melting solids which crystallized readily and 
effected virtually no depression of the glass temperature in blends. Evidence 
for crystallization in octadecane-GR-S blends is provided by the nature of the 


8 


E 
a 


TEMPERATURE 


Fic. 4.—-Crystallization of octadecane in GR-8, 


volume-temperature curves of Figure 4. Similar curves were obtained for 
Butyl rubber diluted with varying amounts of dibutyl sebacate. The glass 
transition temperatures of these blends are the same as for pure polymer, com- 
pletely independent of the diluent concentration (see Figure 5). Failure to 
depress the glass temperature is attributed to the crystallization of the diluent: 
at sufficiently low temperatures, though still above 7',, the blends are two-phase 
systems composed of essentially pure polymer and pure cyrstalline diluent. 
Even a fairly high melting diluent, however, may exhibit low temperature 
plasticizing ability if it is prone to supercool. 

The plasticizing ability for GR-S of dibutyl sebacate, which crystallizes 
readily from its blends with polymers" is, on the other hand, attributed to the 
depression of the freezing point by polymer. This effect is qualitatively evident 
in Figure 4: the higher the polymer concentration, the lower the initial erystal- 
lization temperature. The system polymer-diluent is complete analogous to 
binary solutions of small molecules, and can be treated by the thermodynamics 
appropriate to polymer solutions". It can be shown" that 


AF, = 0~ RT(\n (1 — v2) + 02 + xo? + AH, AT/T,/RT] (1) 


CONCENTRATION OF DLUENT 
90/100 
20/100 
- 
|| ae 
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HE X ACHLOROBU TADIENE 
IN NITRILE 


SEBACATE | 


@ HEX ACHLORO - 
BUTADIENE IN GR-S 


@ OCTADCECANE IN GR-S 


GLASS TRANSITION TEMPERATURE °C 


Fis. 5. Effect of crystallizing diluents in polymers. 


relates the freezing point depression, AT = T, — T, of crystalline diluent to the 
volume fraction, v2, of amorphous polymer in solution with the liquid diluent. 
AH, is the heat of fusion of the solid at its normal (absolute) freezing tempera- 
ture 7',, x is the interaction parameter for the polymer-liquid pair, and AF, is 
the partial molar free energy of transfer of liquid diluent from the solution of 
composition v, to the crystalline solid at the temperature 7’. 

This equation has been applied with quantitative success to the system 
azobenzene-natural rubber. There is excellent agreement between the com- 
position dependence of the freezing point calculated from Equation (1) and 
that reported in the literature". 

The low-temperature plasticizing ability of some normally solid diluents 
can now be explained. It is necessary that sufficient diluent, as predicted by 
Equation (1), be in the liquid state below the glass transition temperature of 
pure polymer, This condition is apparently fulfilled by the polymer-diluent 
pairs shown in the upper curves of Figure 5, but not by the other two blends. 
The leveling off of the 7, vs. diluent concentration curves is attained at a temp- 
erature below which, regardless of the amount of diluent added, separation of 
excess solid leaves insufficient liquid to further depress 7',. 


ANGLE OF TwisT 


TEMPERATURE °C 


Fig. 6.—Dibuty!l sebacate in 
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TEMPERATURE 32 
Fie. 7.—Glass transitions in oils 


Results which may be similarly interpreted have been obtained from Geh- 
man tests on blends of GR-S with varying amounts of dibutyl sebaeate. In 
Figure 6 it is seen that ten and twenty parts of the ester per hundred polymer 
shift the sigmoidal curves and the extrapolated freeze points by about ten and 
twenty degrees, respectively. At higher loadings there is no improvement in 
low-temperature properties. Furthermore, the sigmoidal curves have become 
distorted in a manner characteristic of crystallizing systems. The ares on one 


of these curves (4.0/100) reflect the time-dependence of the crystallization, A 
smoother plot was obtained for the sample containing 65 parts of the ester when 
a standardized thermal treatment was adopted: after each measurement, the 
test sample was brought to room temperature and permitted to relax for fifteen 
minutes. The ineffectiveness of high dibutyl sebacate concentrations, i.e., 
greater than about 20 parts per hundred, can again be attributed to the separa- 
tion of excess solid at the low temperatures of these experiments. 


O SUN ON 62642 
Oma) 


GLASS TRANSITION TEMPERATURE °C 


— 
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hig. 8.—Blends of commercial vile with 
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ANGLE OF TWIST IN DEGREES 


kia. Gehman curves for sun oi) X-62546/GK-8 blends 


HYDROCARBON OILS 


Several hydrocarbons, some of which were obtained from crude oil as cuts in 
the processing oil range, were investigated with the U-type dilatometer. The 
data, some of which are plotted in Figure 7, reveal breaks in the volume-tem- 
perature curve just as for polymers in the glass transition region. The linear 
segment of the high temperature range corresponds to the normal volume con- 
traction on cooling of the liquid. At lower temperatures the volume decrease 
corresponds to the normal contraction of the oil in the glassy state. The 
change in slope of the volume-temperature curve for Sun Oil X-62546 at about 
—48° C is smaller than the corresponding changes for the other oils. Thus, 
though the volume data could be reproduced at will in successive cooling experi- 
ments, there is some uncertainty in this 7, assignment. The dilatometer read- 
ings for two oils, Sundex-53 and Sun Oil X-62542, were markedly time-depend- 
ent at temperatures, some ten to twenty degrees above T,. Constant readings 
were obtained within about fifteen minutes at all other temperatures, even 
below T,. The glass temperatures were readily located by extrapolation of 
accurately linear segments of the volume-temperature curves to points of inter- 
section. 

Heating experiments were also conducted, starting at the lowest tempera- 
ture attained in the cooling cycle. On warming the sample about twenty 


T T 

@ SUNDEX 53 

@ SUN OIL X-62546 ~4 
(PARAF FINIC) 


OILUENT CONCENTRATION PARTS PER HUNDRED 
POLYMER 


Fig. 10,—Freeze resistance of GR-8 blends. 
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degrees, conchoidal fractures, characteristic of glasses, developed and were 
accompanied by audible clicks. After cooling to the initial temperature, a 
higher dilatometer reading was obtained because of the voids formed on fracture. 
These phenomena strongly suggest that the oils are obtained in a glassy state at 
low temperatures. 

Figure 8 shows the effect of concentration of these oil type diluents‘ on the 
dilatometric T, of GR-S blends. Compounds shown in the upper section of 
this figure have virtually no plasticizing ability at low temperatures; the other 
oils can postpone the transition by 5 to 9 degrees. 

Flexibility tests gave results completely analogous to those obtained by 
dilatometry. Figure 9 illustrates the plasticizing action of Sun Oil X-62546 at 
various loadings in GR-S. Extrapolation of the linear portions of the angular 
twist-temperature curves to zero twist gave the so-called Gehman freeze point. 
Figure 10, in which freeze points are plotted against oil concentration, may be 
compared with the corresponding dilatometric T, vs. concentration curves 
shown in Figure &. 

An attempt was made to correlate low-temperature behavior of GR-S blends 
with some physical properties of the hydrocarbon oils. Diluents, ranging in 
consistency from a heavy processing oil, X-62542, to a light solvent, Losol 2232, 
are arranged in Table V in order of increasing low-temperature plasticizing 
ability. There appears to be a trend toward greater plasticizing ability with 
decreasing glass temperature and decreasing pour point of the pure diluent, and 
also with increasing compatibility of the oil-polymer pair, as measured by the 
volume increase on swelling of vuleanizates. The most consistent correlation, 
however, exists between the data in the three columns on the right in Table V: 
the viscosity and its temperature coefficient on the one hand and the maximum 
depression of the glass temperature on the other. The relationship suggests a 
mechanical interpretation of plasticizing action. Effective diluents are those 
providing environments which are less resistant to the motion of polymeric 
segments than those comprising pure polymer. The temperature coefficients 
of viscosity of the first four oils in this table correspond to apparent activation 
energies of 16.5 to 11.5 kilocalories per mole; the other, more effective, diluents 
have activation energies in the range 11 to 3 kilocalories. 


SUMMARY 


A summary of the investigation with the three types of diluent can be made 
with reference to Table VI. Hydrocarbon oils are more effective low-tempera- 
ture plasticizers the lower their temperature coefficient of viscosity. Dibutyl 


Tasie VI 
Viscosiry AND Compatipiuity Ervrecr on AT, or GR-S 
Vol. increase 


on swelling Max. AT/ 
Diluent 4(1/T) GR-8 (% 


viec.)* 


Hydrocarbon 

Oils 

Dibuty! sebacate 

Tributoxylethy! 
»yhosphate 

pil 


yutyl phthalate 


Diocty! adipate 
Dioctyl sebacate 
Hydrocarbon oils 


2.5~-3.6 10° 
0.86 
1.02 


1.02 

1.00 

1.08 
0.69 —> 0.85 


* Kinematic viscosities at 100° and 210° F 
* Depression of glass transition temperature. 


30 77 
5Y —> 8&2 
110 
36 


66 

100 

104 
215 — 265 


> 25 


38 


— 30 


nil or small 
6-9 
16 
24 
37 
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sebacate is representative of crystallizing diluents. Such compounds are in- 
effective low temperature plasticizers unless, (a) at equilibrium, favorable 
thermodynamic parameters permit their existence as liquids in the polymer, or 
(b) the plasticizers tend to exist as the nonequilibrium, supercooled, liquids in 
the transition temperature region of the polymer. Particularly desirable are 
liquids with low apparent activation energies of viscosity and high miscibility 
with polymer. The four ester plasticizers, tributoxyethyl phosphate, dibutyl 
phthalate, dioctyl adipate, and dioctyl sebacate, have temperature coefficients 
of viscosity corresponding to a virtually common activation energy of 4.5 
kilocalories. Here, the magnitude of diluent-polymer interaction, as indicated 
by volume increase measurements, dictates the order of effectiveness of the 
ester. 
SYNOPSIS 

Glass temperatures (7',) of pure and plasticized elastomers have been ob- 
tained from dilatometric measurements and from the temperature dependence 
of angular response to torsional stress. The depression of 7, by a diluent, 
determined by either method, is a convenient measure of its plasticizing ability. 
Some compounds which are normally crystalline above 7, of the pure polymer, 
but nevertheless are compatible with the polymer, depress the glass temperature. 
The polymer-diluent compatibility at low temperatures results either from 
supercooling, the depression of the melting point of diluent by polymer, or 
possibly a combination of both phenomena. 7’, decreases as the diluent load- 
ing increases to a more or less well defined limit, beyond which further dilution 
has a negligible effect. For diester type plasticizers, both AT jy... and the limit- 
ing diluent concentration are linear functions of compatibility, as defined by 
the extent to which standard polymer vulcanizates are swollen by plasticizer. 
The viscosities and apparent activation energies for flow (2,) of hydrocarbon 
oils correlate with their low-temperature plasticizing efficiencies. Pour points 
and glass temperatures may also be significant properties of the diluents. It is 
concluded that low FE, and high solvency for polymer are desirable properties 
for low-temperature plasticizers. 
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DYNAMIC FATIGUE OF RUBBER AND THE 
MECHANISM OF FAILURE BY REPEATED 
DEFORMATIONS * 


G. M. Bartrenev F. A. Gatit-OGLy 


Screntiric Resrancn or tHe Rosser Inpverry, Moscow, USSR 


Dynamic fatigue is the reduction of the maximum tensile strength of a ma- 
terial by repeated periodic loads or deformations. The dynamic fatigue of 
vulcanized rubber' is basically the result of chemical oxidation processes, de- 
struction during repeated deformations taking place by rupture of the chains 
throughout the rubber as a result of mechanically activated chemical processes. 
Physical factors also influence dynamic fatigue. However, the question of the 
nature and mechanism of dynamic fatigue of vulcanized rubber has not yet been 
explained; nor has the relation between fatigue and tensile strength of rubbers 
been clarified. The results of studies which make it possible to establish the 
fundamental laws of dynamic fatigue of rubbers and the destruction mechanism 
during repeated deformations are presented below. 

Two widely used sinusoidal systems of repeated deformation were studied: 
(1) constant (maximum) elongations or deformations, € = const.; (2) constant 
(maximum) loads or conventional stress, f = const. The number N of cycles 
before failure and the time before breaking, or the life of a specimen, were 
determined in these tests. In the first system, the breaking load, fixed by the 
apparatus, was less than the initial maximum load, owing to the process of 
“dynamic relaxation’’, and in the second system they were equal. The break- 
ing load divided by the initial cross-section and the cross-section at break gives, 
respectively, the conventional f and the true dynamic tensile strength o of the 
specimen. 

Considerable variation in the measured values was observed from specimen 
to specimen. For this reason the dynamic tensile strength, the number of 
cycles, and the time before failure were determined from the average of 15-20 
experiments. The data in Figures 1-4 refer to an unloaded butadiene-styrene 
copolymer vulcanizate of SKS-30A (temperature? of the specimens 30° C). 

For both systems, the nature of the relation between the number of cycles 
and the maximum deformation, frequency, and temperature is the same. The 
relation of the number of cycles to the deformation is shown in Figure 1. For 
the first system, the initial maximum deformation is at the same time the de- 
formation at rupture ; for the second, the initial and rupture deformations differ, 
as a result of extension of the specimen under the influence of the load. Ac- 
cordingly, on the graph for the system, f = const., two characteristics are 
drawn. 

It is seen from Figure | that the severity of a testing system depends on the 
method of comparison. Comparing the systems at equal initial maximum de- 
formations, we see that the second system is more severe, whereas at equal 
rupture deformations, on the other hand, the first system is more severe. 


* Translated for Ressen Cuoemisrny ann Tecuno.ooy from the Doklady Akademil Nauk SSSR, Vol. 
100, No. 3, pages 477-480 (1955). 
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Fie. 1.--Number of Xm before failure as a function of the maximum deformation. Curve 1— When 
«is constant, Curves 2 and 3—When fis constant. Curve 2—For initial maximum deformation. Curve 3, 
—For pine Senne a at frequency 256 min.~', b at frequencies 88, 200, and 560 min.™. Specimens 
were 1 mm. thie 


The following relation holds between the number N of cycles before failure 
and the deformation ¢ for both systems: 


N-e& =B (1) 


where ¢ is the given (maximum) deformation for the first system’, and the 
initial (maximum) or rupture deformation for the second system’. In the 
interval studied, both constants y and B, are independent of the frequency ; 
and + is also independent of the temperature and testing system. 

For the second system, using the formula: ¢ = E-e, which is accurate in 
the entire range of applied maximum deformations and stresses, instead of 
Equation (1) we obtain: 

=C (2) 


19 


\ 


= 
a> 


lg 6 


~ 


4 


J 
lg ¢ (cekh) ——— 


Fia. 2.—Characteristice of fatigue in rubber (true tensile strength—life) in various systems. Line 1 - 

namic, with « constant, Line 2--Dynamie with J constant (A and B), Line 3-—Static, with / constant 
The abeciasa indicates log ¢ in seconds ; the ordinate log ¢ in kg. persq.cm. The symbols within the diagram 
represent ¢rupture in kg. per eq. cm. The symbols within the diagram represent ¢reptare in kg. per aq. em, 
and log t in seconds 
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where o is either the initial maximum or the true dynamic tensile strength. 
Kquation (2) has the same form as that for metals‘. This reflects the similarity 
in the general characteristics of fatigue in metals and vulcanized rubber, despite 
the difference and peculiarity of the relaxation properties and rupture mech- 
anisms of high-elastic and ordinary elastic materials. 


hic. 3.— Rupture surfaces of specimens with cross-section 6 * 6 mm., tested with repeated stretching 
(e = constant). Photograph 1——Maximum deformation 200%, life 3 mint utes; Photograph 2—150%, 1 
hour; Photograph 3-—100%, 2 case Photograph 4—50%, 40 Bours. 


The dynamic life and dynamic tensile strength of vulcanized rubber are of a 
statistical nature, like the tensile strength of brittle substances; this is due to 
deviations in such experiments and the dependence of the dynamic life and 
strength on the conditions of measurement. With an increase of thickness, 
the tensile strength and life of rubber which is well protected from oxidation 
processes decrease 

The static fatigue of rubber, glass, and other materials follows the relation: 


loga = a — b-logt (3) 


where o is the true rupture stress and ¢ the life. 
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The relation is analogous for the dynamic fatigue of rubber (see Figure 2. 
A—in logarithmic coordinates; B—in semilogarithmic). The characteristics 
of static and dynamic fatigue of rubber (Figure 2A) have the same value for 
and different values fora. The constant b does not depend on the experimental 
temperature and deformation system, but on the frequency of deformation v 
(static regime v = 0). 

Equation (2) and (3) are equivalent and coincide if, considering that V = 


C l 
vt, we assume that a = x 108 ry and b = x" Since b <1, a small change of 


tensile strength ¢ is accompanied by greater changes in the life t. Conse- 
quently, the life is a more sensitive characteristic of fatigue in vuleanized rubber 
than is the tensile strength. For this reason technologists use the “durability” 
of rubber, and not the tensile strength, as a characteristic of dynamic fatigue. 


‘ 
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Fia. 4.—Influence of thickness of specimen on life during (1) dynamic and (2) static tests 
of rubber (a) poorly and (b) well protected from oxidation 


The mechanism of rupture of vulcanized rubber is different from that of 
ordinary solids. Failure of rubber during dynamic, as well as static’, tests 
takes place through the formation of surface cracks (cuts), and is characterized 
by two stages (slow and rapid). 

It is seen from Figure 3 that rapid rupture gives a smooth glossy surface, 
while slow rupture gives two zones of ruptured surface area. In this type of 
failure (elastic) in the slow stage, a rough zone is formed, and in the rapid stage, 
a smooth glossy one, while, in the rupture of ordinary solid materials, the order 
of these zones is reversed. The mechanism of destruction in the slow stage® is 
characteristic of polymers. 

The formation of surface cracks in rubber as well as cracks in brittle ma- 
terials takes place through the chemical bonds. In brittle substances, rupture 
of the chemical bonds is usually purely mechanical. Rupture of the chains of a 
polymer can be both physical and chemical. 

It follows from this that (1) the laws of dynamic and static fatigue of vul- 
canized rubber are the same; (2) there is no basic difference in the failure mech- 
anism of rubber in dynamic and static tests; (3) fatigue in rubber is a physical 
process of destruction of the material under the influence of static or alternating 
loads. 

A static system is less severe then a dynamic one for testing both rubber and 
metals. Despite the fact that, in a static system, the rubber is under constant 
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stress, its failure takes place much later than in dynamic tests, where the rubber 
is under stress only part of the time. This is explained, first, by the fact that, 
with periodic loads, the excess strains at the micro-flaws cannot entirely relax 
during each loading cycle, while with a static load they are equalized and ap- 
proach a uniform value; second, because the failure of polymers during repeated 
deformations is accelerated by mechanically activated chemical processes*. 
The latter distinguish fatigue in rubber from fatigue in metal. 

Rubber poorly protected from oxidation processes gives an anomalous rela- 
tion between the life and the thickness of the specimen. Figure 4 shows that 
the life of well-protected rubber increases with decrease of thickness, whereas 
poorly protected rubber gives an analogous relation only at great thicknesses, 
while at small thicknesses its life falls sharply. (With a decrease in the maxi- 
mum deformation the position of the Y (Figure 4) is displaced toward the 
greater thickness.) In static tests, both types of rubber give the same results. 

It follows that: (1) in static systems, rupture of the chains is basically a 
physical process and in dynamic systems a combined (physico-chemical) proc- 
ess; (2) in the presence of chemical processes, failure of a rubber is characterized 
by the same changes as in their absence, only the changes are more rapid. 

The better a rubber is protected, the more constant is a and the closer are 
the characteristics of dynamic fatigue to those of static fatigue. The constant 
b does not depend on the type of protective agent, the density of the spatial net- 
work, or the type of accelerator, but on the nature of the rubber and the filler. 
This result, however, requires further confirmation. The independence of the 
constant b from chemical processes, the identity of the mechanisms of failure, 
and the laws of fatigue in rubber during static and dynamic tests indicate that 
the elementary formation of rupture centers has a common mechanism in both 
cases. Chemical processes have an essential role in the acceleration of the 
formation of failure nuclei or flaws. In dynamic tests, the role of the chemical 
processes is 80 much greater that in many cases they determine the life of rubber 
products. 

The results of the study show that the physical-chemical processes of failure 
of ordinary materials are similar to the dynamic fatigue of rubber. 


ACKNOWLEDGMENT 


We express our gratitude to G. L. Slonimskil for valuable observations in 
the discussion of the work. 


REFERENCES 


' Bomerville, Ind. Eng. Chem. 28, 11 (1936); Winn and Shelton, Ind. Eng. Chem. 37, 1 (1945); Kuzminskil, 
Lezhnev, and Maizels, Doklady Akad. Nauk SSSR 71, No. 2 (1950); Kuzminskil and Lezhnev, 
Doklady Akad. Nauk SSSR 83, No. 1 (1952); Slonimekil, e al., Doklady Akad. Nauk SSSR 93, 523 
(1953). 

* Temperature of the compte of rubber itself, and not that within the thermostatic oven 

* A similar relation was obtained earlier (Aizenberg and Falenberg, Zhur. Rezin, Prom. 10, 2173 (1936) in 
testing vuleanizates for repeated deflections (system e-const.). 

*Bhashin, Zhur. Tekd. Fiz. 23, 3 (1953). 

* Kartenev, Doklady Akad. Nauk SSSR 8A, 487 (1952). 

* Kuzminskil, Lezhnev, and Maizels, Doklady Akad. Nauk SSSR 71, No. 2 (1950); Kuzminskil and Lezhnev, 
ae Akad, Nauk SSSR 83, No. 1 (1952); Slonimskil et’al., Doklady Akad, Nauk SSSR 93, 523 
(1953). 


APPLICATION OF RADIOACTIVE SULFUR TO THE 
STUDY AND CONTROL OF THE VULCANIZATION 
PROCESS * 


Z. N. Tarasova, M. Ya. Kapiunov, aAnp B. A. DoGapkIN 


Screntiric Reseancn Inerrrute or Tae Tine Inpverry, Moscow, U.8.8.R. 


Ordinarily the kinetics of the vulcanization process is controlled by the 
proportion of combined sulfur, which is determined by the method of oxidation 
with nitric acid and bromine, the method of fusion with metallic potassium and 
magnesium, and other methods. 

A considerable increase of the rapidity and accuracy of the determinations 
may be achieved if labeled sulfur, containing the isotope S*, is used as the vul- 
canizing agent. The half-life of this isotope is 87.5 days, and the energy of the 
8-particles amounts to 0.17 Mev. The combined sulfur content is determined 
from the intensity of the B-radiation. 

The method which we developed can be described as follows. A rubber 
stock, containing labeled sulfur of known radioactivity, is mixed on a laboratory 
mill. A sheet of this rubber stock, wrapped in cellophane, is vulcanized in a 
press at a given temperature and pressure. The thickness of the sheets should 
not be less than the maximum length of the path of 8-particles in the rubber. 
For a soft rubber, this thickness amounts to 0.3 mm. 

Circular pieces are cut out of this vulcanized sheet with a skiving knife; 
these are 20 mm. in diameter, which is close to the size of the window of the 
Geiger- Miller end-window counter. The samples are treated with hot acetone 
for a period of 50 hours in order to remove the free sulfur, and then are dried. 
For the radioactivity measurement, a plexiglass disk, with a depression in the 
center the same size as the sample, is used. The sample is covered by a round 
aluminum shield, with a hole in it about 0.15 mm. in diameter. The radio- 
activity is measured on the surface of both sides of the vulcanizate, and an 
average of four samples is taken (from eight determinations). 

In order to obtain a calibration curve, a set of samples of rubber stocks 
containing from 0.5 to 3.0 per cent of radioactive sulfur by weight were pre- 
pared. The radioactivity of the samples obtained was measured with a strict 
adherence to the conditions described above. The radioactivity of the ele- 
mental sulfur used for vuleanization was determined after its oxidation by the 
Carius method, in the form of benzidine sulfate. 

In constructing the calibration curve (Figure 1), the ordinate axis is made to 
represent the relative radioactivity at the surface of the vulcanizate (or raw 
rubber) in relation to the relative radioactivity of the sulfur preparation, both 
being measured under the same geometric conditions. The abscissa represents 
the sulfur content of the samples. 

We determined the combined sulfur content on vulcanizates of butadiene- 
styrene rubber (SKS-30) with three types of accelerators: diphenylguanidine, 


* Translated for Runeen ano Tecunotoay by Maleolm Anderson from Zavodskaya Lab- 
oratoriya, Vol. 21, No. 4, pages 396-307 (1955). 
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Fic, 1.—-Calibration curve. The abscissa represents the percentage by weight of 
combined sulfur; the ordinate the relative radioactivity in percent. 


mercaptobenzothiazole, and sulfenamide-BT at various stages of vulcanization. 
Parallel determinations of the combined sulfur by the method of oxidation with 
nitric acid and bromine were carried out. Data from both methods agree well 
(Figure 2). 


bpems mim 


Pia. 2.—Curves of vuleanization kinetics, 1—With the accelerator diphenylguanidine; 2—With the 
accelerator sulfenamide-BT; 3-——-With the accelerator mercaptobenzothiazole (X-x-—analytical data; 
o-¢ data from radioactivity measurement). The abscissa represents time of vulcanization in minutes; 
the ordinate the percentage of combined sulfur. 


The time necessary for a determination of combined sulfur on each sampie 
of radioactive vulcanizate amounts to 8-10 minutes (not counting the time in- 
volved in extracting the free sulfur). The average error in the determinations 
was less than 1 per cent. 

Application of this method is possible, not only in research, but also in 
industrial control work. 


510 


SULFUR EXCHANGE REACTIONS IN 
VULCANIZED RUBBER * 


Z. Tarasova, M. Kapiunov, anp B. A. DoGapkIN 


Scientivic Inerrrute or THe Tine Inpueray, Moscow, 


In one of our previous works' we have shown that vulcanization structures 
contain mono-, di- and polysulfide bonds between the molecular chains of the 
rubber. The concentration, proportion, and distribution of these various 
bonds depend on the type of rubber and the conditions of vulcanization, but 
mainly on the nature of the curatives. Inasmuch as the vulcanization struc- 
tures determine in large degree the physical, chemical, and mechanical! proper- 
ties of the vulcanizate, the different methods which enable us to determine the 
types of sulfide bonds in the vulcanizate are very important. Among the 
chemical methods applied for this purpose are the reactions of sodium sulfite’ 
and of methy] iodide? with the vulcanizate. 

Of great interest in research on the nature of sulfur bonds in vulcanizates is 
the method of exchange reactions with radioactive sulfur; since sulfur, as num- 
erous experiments have shown, diffuses easily in rubber, thus insuring the 
possibility of carrying out exchange reactions without having to get the vul- 
canizate into solution. 

The work of Guryanova and coworkers* has shown that sulfur which is 
located in the central position in polysulfide compounds (R--C-—S—S*—S8 
C—R) goes readily into an isotope exchange with the labeled sulfur, at 100° 
120°C. On the other hand, sulfur atoms bonded directly to the carbon atoms 
do not take part in an exchange reaction under these conditions. The mobility 
of sulfur atoms depends on the type of groups adjacent to them. 

Analogously with the above-mentioned phenomenon, one might expect that 
the sulfur in polysulfide bonds of vuleanized rubbers would enter more or less 
readily into an isotope exchange with the radioactive sulfur, while at the same 
time the sulfur situated in mono- and disulfide bonds would not exchange. 
Hence from the intensity of the exchange of combined sulfur in a vulcanizate, 
information may be obtained about the relative sulfur content of the polysulfide 
bonds. 

The method which we used in carrying out exchange experiments was as 
follows. Into an ampoule was placed 0.35 gram of the ground-up vulcanizate 
and radioactive sulfur in such amounts that the ratio of inactive sulfur in the 
vulcanizate to the radioactive sulfur added amounted to 1:1.62, 1:3.1 and 
1:1.25, respectively, in parallel series of experiments. The vulcanizate had 
previously been extracted with cold acetone for a period of 100 hours in order 
to remove the free sulfur. The ampoule was evacuated to a residual pressure 
of 10-* to 10-* mm. of mercury. Then 15 ml. of toluene, which had been 
deaerated and saturated with nitrogen, was drawn into the ampoule, after 
which it was sealed up and heated in a constant-temperature oil bath at 1304 1° 
C for various lengths of time. 


* Translated for Russe Cuemiaray ano Tecunotoay by Maleolm Anderson from Doklady Akademil 
Nauk SSSR, Vol. 99, No. 5, pages 819-822 (1954). 
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Under the above conditions, with heating for 10 hours at 130°, no more than 
2.7 per cent of the vulcanizate went into solution. The combined sulfur con- 
tent of the samples was then determined by the Carius method, and the radio- 
activity of the sulfur was determined in the form of benzidine sulfate. 

The experimentation was carried out on two butadiene-styrene vulcanizates, 
one of which had, as its curatives, sulfur (4 parts by weight per 100 parts of 
rubber), diphenylguanidine (1 part), and zine oxide (5 parts); while the other 
had tetramethylthiuram disulfide (3 parts) and zine oxide (5 parts). Such a 
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Fic. 1.—-Kinetics of exchange (/) and of sulfur combination (2) in a vulcanizate with diphenylguanidine 
The abseciasa represents the period of heating in hours; the ordinate at left represents the radioactivity of 
the benzidine sulfate in impulses (counts) per minute, while that at right represents the percentage of com- 
bined sulfur 


difference in the composition of the curatives insures, as we showed earlier’, a 
marked difference in the nature of the vulcanization bonds: the vulcanizate 
with diphenylguanidine contains mainly polysulfide bonds, while the one with 
tetramethylthiuram disulfide has mono- and disulfide bonds. 

Figure | presents the kinetics of the exchange reaction in a vulcanizate with 
diphenylguanidine, where the ratio between inactive (combined) and radio- 
active (free) sulfur is 1:6.2. The parallel analysis of the combined sulfur which 
was carried out showed that no combination of sulfur with the vulcanizate had 
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Ratio of combined Kinetic constant at 
to radioactive 120° C Exchange 
sulfur (K X 10° per min.™) (%) 


1:6.2 1.58 32.4 
1:3.1 1.12 37.2 
1:1.25 0.537 32.2 


Average 33.9 


taken place under the conditions of the test. Thus the increasing radioactivity 
of the sulfur in the vulcanizate is explained entirely by an exchange reaction 
between the vulcanization sulfur structures and the labeled sulfur. The kine- 
tics of the exchange conforms to an equation of the first order‘; but the depend- 
ence which the kinetic constant was found to have on the concentration of 
radioactive sulfur (see Table 1) indicates a more complex reaction mechanism. 
The amount of combined suifur entering into the isotope exchange does not 
depend on the ratio between radioactive and inactive sulfur, and amounts to 
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33.9 per cent on an average. This amount agrees with the quantity of sulfur 
extracted from the vulcanizates under investigation by boiling with a 10 per 
cent aqueous solution of sodium sulfite’. Such an agreement gives a good 
indication that in an exchange reaction, as in the reaction with sodium sulfite, it 
is the central atoms of polysulfide bonds of the type R-—-C—S—S*—S—C—R 
that take part. 

A different situation is found in the reaction between labeled sulfur and a 
vulcanizate obtained with tetramethylthiuram disulfide as the vulcanizing 
agent. In this case, the increase of radioactivity as the vulcanizate is heated 
parallels the combination of the labeled sulfur with the vulcanizate. A linear 
relation was found between the amount of sulfur combined and the radioactiv- 
ity of the vulcanizate sulfur (see Figures 2 and 3). Therefore the thiuram 
vulcanizate does not contain sulfur in such a form as would enter into an isotope 
exchange at 130° C with elemental sulfur. This also agrees fully with research 
carried out earlier', according to which thiuram vulcanizates contain no poly- 
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Fie. 2.—The kinetics of the increase of radioactivity (/) and of sulfur combination (2) in a vuleanizate 
with thiuram. The point @ indicates the radioactivity of the combined sulfur, corrected for the radioactiv- 
ity of the sulfur added. The abscissa represents the period of heating in hours. The ordinate at left repre- 


sents the radioactivity of the benzidine sulfate, in impulses per minute; that at right represents the percent- 
age of combined sulfur. 


sulfide sulfur, but instead contain monosulfide bonds (R—C-—-S—C—R) and 
possibly disulfide bonds, R—C—-S—S—C—R. The absence of any exchange 
of labeled sulfur with thiuram vulcanizates likewise allows us to draw the pre- 
liminary inference that when the thiuram decomposes under vulcanization 
conditions, then, despite the contrary findings of Craig‘, radicals of the type 
CHs 

pn - c* either are not formed at all or else the combination of these with the 
CH, 8 
rubber molecules at the double bonds causes the sulfur atom to be stabilized. 
It is known, for example, that nickel diethyldithiocarbamate is not able to ex- 
change with elemental! sulfur at 140° C.* 

The exchange of sulfur atoms takes place, not only between elemental free 
sulfur and the vulcanization structures, but also within the vulcanization struc- 
tures themselves. The following experiments demonstrate this phenomenon. 
Vulcanizates were prepared containing diphenylguanidine as the accelerator, 
with labeled sulfur in one case, and regular sulfurin the other. The vulcanizates 
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Fic. 3.—The dependence of the increase of radioactivity on the amount of combined sulfur, in a vul- 
canizate with thiuram. The abscissa represents the percentage of combined sulfur; the ordinate the radio- 
activity ip impulses per minute. 


were extracted with acetone to remove the free sulfur completely. After this, 
sheets of vuleanizates containing labeled sulfur were laid together with sheets 
of vuleanizates containing regular sulfur, and were pressed together with a 
clamp in such a way that air was excluded as completely as possible from the 
contact surfaces of both sheets. The assembled sheets were heated in a reactor 
at a temperature of 130°C. After the heating, the sheets were separated, and 
their radioactivity was determined both on the side of the contact surface and 
on the opposite side (in the non-radioactive vuleanizate)*. As we can see from 
the data presented in Figure 4, the vulcanizate with regular sulfur becomes 
radioactive, and, at the same time, the increase of this radioactivity on the side 
in contact with the radioactive vuleanizate (curve 3) corresponds to the de- 
crease of the radioactivity of the latter on that side (curve 1). Such an ex- 
change of sulfur atoms between the two vulcanizates could have resulted either 
from the intermolecular reaction of two colliding polysulfide groups of different 
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Fig. 4.——The change of the radioactivity of a vuleanizate with diphenylguanidine: 1-—-radioactive vul- 
canizate; 3—original vuleanizate on the contact side; 5—original vulcanizate on the other side. The 
change of radioactivity of a vulcanizate which was swelled in a solution of diphenylguanidine : 2— radioactive 
vuleanizate; 4—original vuleanizate on the contact side. The abscissa represents time in hours; the 
ordinate the intensity of radioactivity, relative to the original intensity. 
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vulcanizates*® or else from the cleavage of sulfur radicals and their change of 
positions and subsequent attachment onto the vulcanization structure. 

In order to ascertain the possibility of the latter mechanism, the following 
experiment was carried out. Between sheets of the radioactive and of the 
regular vulcanizate was inserted a layer of polyisobutylene varying from 0.2 to 
0.9mm. thick. The presence of such an intermediate layer of polyisobutylene 
with a thickness up to 0.9 mm. did not prevent entirely the occurrence of ex- 
change under the conditions given above, although the degree of exchange was 
sharply reduced; and the thicker the intermediate layer, the greater the reduc- 
tion. Thus, with an immediate contact between vuleanizates, the exchange 
vaused a loss of up to 25 per cent of the radioactivity of the labeled sulfur 
vulcanizate at the equilibrium point (16 hours); while with an intermediate 
layer of polyisobutylene 0.34 mm. thick in place, the loss of radioactivity after 
25 hours amounted to 2.3 per cent. The degree of exchange is lowered likewise 
if, after the free sulfur is removed, a vulcanization accelerator is introduced 
anew into the radioactive vulcanizate, this being diffused by means of swelling 
the vulcanizate in a solution of the accelerator (Figure 4, curves 2 and 4). 

The facts noted above bear witness that the exchange takes place basically 
through a direct reaction between polysulfide groups. The diffusion of sulfur 
groups was exhibited only in a negligible degree. 
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MOBILITY OF SULFUR IN SULFUR-CARBON BONDS, 
AND THE MECHANISM OF THE ACTION OF RUBBER- 
VULCANIZATION ACCELERATORS * 


G. P. Mixiuxuin, A. F. Rexasneva, I. I. Kuxurenko, 
L. V. Suuima, P. Gracerov, anp G. A. BLoxu 


The mechanism of the action of rubber-vulcanization accelerators is un- 
known, and yet they are used so extremely widely in practice that commercial 
production of rubber would now be unthinkable without the use of accelerators. 

Most accelerators are sulfur-containing compounds. As our ultimate aim 
was the elucidation of the mechanism of the action of accelerators, we decided 
that we should first of all establish whether or not the accelerating action is 
associated with the mobility of the sulfur contained in the accelerator. 

In themselves, many accelerators are unable to effect the vulcanization of 
rubber in absence of elementary sulfur. On the other hand, elementary sulfur 
vulcanizes rubber slowly, even in absence of accelerators. It follows that ac- 
celerators activate sulfur in some way. It is natural to suppose that accelera- 
tors form intermediate compounds or complexes with sulfur, the decomposition 
of which results in the elimination of sulfur in an active condition. This idea 
is far from new, but no direct data on the interaction of accelerators with sulfur 
have been reported. 

It might be expected that the study of exchange reactions of sulfur isotopes 
between free sulfur or the sulfur of hydrogen sulfide, on the one hand, and sulfur- 
containing compounds, on the other, would permit an approach to be made to 
the solution of this problem. If, indeed, such reactions occur, so that exchange 
occurs between the sulfur of organic compounds and free sulfur, then this must 
provide evidence of chemical interaction between components of the mixture. 
A study of the kinetics of isotopic exchange in such systems may help to estab- 
lish the ways in which the intermediate compounds are formed, and the 
structures and other characteristics of these compounds. 

The investigation of isotopic-exchange reactions of sulfur is of interest for its 
own sake, since it provides new information about the mobility of sulfur in 
organic compounds, the chemistry of which has received very little study. As 
subjects for investigation we selected organic compounds containing sulfur in 
various forms of combination with carbon and other elements. The results of 
investigations on the exchange reactions of sulfur—carried out both in our own 
laboratory and in others—are given in Table 1. 

The results given in Table 1 indicate that sulfur present in organie com- 
pounds in the groupings, C—S—H, C—S—C, and C—S—S—C, is unable to 
undergo exchange with free sulfur or the sulfur of hydrogen sulfide, even under 
very severe conditions. On the other hand, according to Syrkin and coworkers’, 
the central sulfur atom (which is not linked to carbon) of trisulfides is extremely 


* From the Proceedings of the Conference of the Academy of Sciences of the USSR on Peaceful uses of 
Atomic Energy, July 1-5, 1955, Seasion of the Divieion of Chemical Science, pages 153-162. Except for the 
Summary, which is transcribed from the Russian publication, this translation was made by the Consultanta’ 
Tureau of New York 
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mobile. Sulfur of the thione group (C==8) of carbon disulfide is not labile, but 
in thiourea and its derivatives and in 2-mereaptobenzothiazole’ it undergoes 

rapid exchange at 120-150°. Finally, sulfur in the group —C 
\ 

S—metal 
undergoes extremely rapid exchange in potassium xanthate, but not so rapid in 
sodium diethyldithiocarbamate. Heavy-metal salts, and particularly the 
esters, of dithio acids contain sulfur of much lower mobility; it is similar in this 
respect to thione sulfur. Similar behavior was observed by Brodsky and co- 
workers in an investigation of oxygen-exchange reactions between water and 
organic compounds’. 

The compounds studied may be divided into several series according to the 
rate at which they undergo exchange with free sulfur: 


I. > (C,H) N—C > CHC » C=S 
SNOW 


I. »C,H,OC 


III. N-C > (CyHgN-C 
Nzn/2) Nscu, 


H N —CH, 


\ 
6 \As 
NH 


MK 7 \A\ 9% 


The results of these comparisons are in accord with the hypothesis that the 
mobility of sulfur depends on polarity, i.e., on the distribution of charge in the 
molecules, the mobility being the greater, the higher the polarity of the relevant 
sulfur-carbon link. This hypothesis is not a trivial one, for in some investiga- 
tions exchange reactions of sulfur have been ascribed to radical mechanisms in 
which the homolytie rupture of carbon-sulfur bonds occurs 

The radical mechanism cannot be reconciled with the above-cited experi- 
mental data. 

The truth of this inference is demonstrated by the variation in exchange 


C=S 
if 


524 RUBBER CHEMISTRY AND TECHNOLOGY 


rate in series I] and III. Owing to o-w-conjugation, in potassium ethylxan- 
thate: 


the negative charge on the sulfur atom of the CS group is great. If complete 
ionization occurred under the conditions of our experiments, then both sulfur 
atoms were equally negative. On the other hand, in nickel ethylxanthate— 
irrespective of its structure, which is probably that of a complex salt—the sul- 
fur-nickel linkage is considerably more covalent, and the corresponding o—1- 
coordination creates a considerably lower negative charge on the sulfur of the 
group. 

The change of the mobility of sulfur in salts and esters of diethyldithiocar- 
bamic acid has the same origin. The conjugation of the bonds in the methyl 
ester is much less effective than in the sodium salt, owing to the covalency of 
the bond 8—CH,. In the first compound, therefore, the C=S bond is much 
less polar than in the second, and, in agreement with our views, the sulfur of the 
ester is actually found to undergo exchange much more slowly than the sodium 
salt. As would be expected, zine diethyldithiocarbamate occupies an inter- 
mediate position with respect to the rate of sulfur exchange. 

We observed similar regularities in a study of hydrogen-isotope exchange in 
the methyl group of salts and derivatives of acetic acid in the presence of heavy 
acetic acid CH,COOD". 

It was found that potassium acetate, which is a stronger base and has a 
higher negative charge on its oxygen atoms than lead acetate or ethyl acetate, 
is more effective in the elimination of a proton from the C—H bonds of acetic 
acid. With respect to hydrogen exchange, these compounds fall into a series 
similar to the series IIT: 


CH,COOK > (CH,COO),Pb > CH,COOC,H,. 


The effect of the increase of the polarity of the C=S bond resulting from 
o-m-conjugation explains the slower exchange of sulfur in 3-methylthiazolin- 
ethione, compared with 2-mercaptobenzothiazole (Series IV): 


CS 
| 


(1) (2) 


We consider that the sulfur of an ethylxanthate salt undergoes exchange 
more rapidly than that of a diethyldithiocarbamate salt (Series I) for the same 
reason : the bond O—C,H, is more polar than the bond N—C,H,, and the con- 
jugation of these bonds with the bond C=S: 


and 


gives rise to a greater negative charge on the sulfur atom in the first case than in 
the second. 
In agreement with these considerations, ethylxanthic acid (K = 2.8-10 *) 


G 
Qn 
| 
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is found to be weaker than diethyldithiocarbamic acid’ (K = 4.2-10>*). 
Hence, the negative charge on the sulfur of the dithio acid grouping is greater 
in the first acid than in the second. 

Similar considerations provide an explanation also for the regularities found 
in Series V. Here again replacement of the oxygen in the ring by nitrogen re- 
duces the mobility of the sulfur atom lying outside the ring. 

We have found recently that, in acetic acid and pyridine solutions, phenyl- 
thiourea exchanges its sulfur for elementary sulfur much more rapidly than in 
toluene and alcohol-toluene solutions. Moreover, addition of a small amount 
of benzoyl peroxide—a widely used initiator for radical processes—or benzo- 
quinone or diphenylamine—which are radical acceptors—-does not affect, or 
only slightly increases, the rate at which exchange occurs. 

All the data considered above—the effect of bond polarity on the mobility 
of sulfur, the increased rate of the exchange in presence of acids or bases, and, 
finally, the absence of any change in the rate of the exchange when initiators or 
inhibitors of radical processes are added—all these taken together indicate that 
exchange reactions of sulfur in organic compounds proceed by a heterolytic 
mechanism. 

We assume that the sulfur atoms of cyclic molecules of free sulfur are linked 
by readily polarizable bonds®. In a collision with molecules of a compound in 
which a sulfur or carbon carries an appreciable negative or positive charge, 
heterolytic rupture of the bonds between sulfur atoms occurs and an intermedi- 
ate compound of the type (a) is formed: 


(a) 


The formation of such compounds is possible also in reactions with thiols, but 
only in cases similar to the above does the presence of positive charge on the 
carbon atom result in the conversion of the intermediate compound (a) into the 
cyclic compound (b): 


H 


| 


in which the labeled and normal sulfurs are arranged symmetrically with respect 
to the remaining part of the molecule. In the thio acids and their salts, ex- 


H 
4 se 
Nee: 
it 
= 
a H 
(b) 
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change reactions proceed by the same general mechanism. Both sulfur atoms, 
of course, take part in the exchange reaction. 

On the other hand, in a diethyldithiocarbamic ester, only one sulfur can 
undergo exchange. This indicates that, under the conditions of the exchange 
reactions, the bond C—S(CH;) is not broken. In exactly the same way, ac- 
cording to Syrkin, the bond C—S—S—C in disulfides is also not broken'. 
Hence, the assumption made by Guryanova” relating to the rupture of this 
sort of C—S bond in thiuram and 2-mereaptobenzothiazole, with formation of 


the radicals: 
Nw 
(CHs),N—-C and Cc: 


does not appear very likely. 

In a study of exchange reactions between free sulfur and the sulfur of deriva- 
tives of phosphorodithioic acid, we (L. V. Sulima) discovered some new facts 
that confirm the proposed mechanism. It was shown that none of the follow- 
ing-—-0,0-diethy! hydrogen phosphorodithioate, sodium O,0-diethyl phosphoro- 
dithioate, O,0,S-triethyl phosphorodithioate, 0,0,0-tributyl phosphorothioate, 
and other similar compounds—would enter into exchange reactions with sulfur, 
even under comparatively severe conditions (100° for several hours)*. 

We consider that, in this case also, the first stage of the exchange reaction— 
the formation of a compound of the type (a)—occurs, but the subsequent ring 
closure by the chain of sulfur atoms, with formation of a compound of the type 
(b), does not occur, because the phosphorus in the dithio acids, as in the usual 
phosphoric acids, is quadrivalent-positive and does not tend to pass into the 
quinquevalent condition, 

exchange reactions with hydrogen sulfide proceed via the addition of an 


H.S molecule at a double bond: 


S*H 

In aqueous alkaline solutions at 100°, no exchange occurs between 2-mer- 
captobenzothiazole and hydrogen sulfide. In toluene solution, exchange occurs 
with measurable speed at 150°. The fact that the exchange of sulfur of 2-mer- 
captobenzothiazole with sulfur of hydrogen sulfide occurs just as slowly as 
exchange with free sulfur must be ascribed to the very low degree of ionization 
of hydrogen sulfide in toluene solution. 

The rate constants for the exchange reactions were calculated from the usual 
kinetic equation for isotopic exchange: 


Nees + H,S* » 


k’ =—-—In (1 z) 
t 


in which z is the fraction exchanged in time ¢ 

For the usual bimolecular isotopic-exchange reactions, k’ is only an apparent 
constant, being dependent on the concentrations of both of the reactants. 
When, however, the slowest stage of the exchange is associated with some uni- 
molecular transformation of one of the components, k’ is a true first-order con- 
stant. 
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It is interesting that, for exchange reactions in the systems (potassium 
ethylxanthate + sulfur) and (sodium diethyldithiocarbamate + sulfur), the 
value of k’ does not depend on the concentrations of the reactants, so that these 
reactions proceed as if they were unimolecular. In the case of 2-mercapto- 
benzothiazole there is a definite dependence of k’ on the concentration of react- 
ants, but the relevant calculation indicates not a second-order, but a fractional- 
order reaction. According to Guryanova’s results” k’ for the exchange of the 
sulfur of 2-mereaptobenzothiazole with elementary sulfur depends on the 
2-mercaptobenzothiazole concentration, but not on the concentration of ele- 
mentary sulfur. As in many other cases, these kinetic data may be compatible 
with several hypotheses concerning the mechanism of the exchange reactions. 

The second main conclusion from all of the data examined above is that, in 
the majority of cases, compounds having the most mobile sulfur atoms are at 
the same time also the most effective accelerators for the vulcanization of rub- 
ber. Thus, in presence of potassium xanthate, the vulcanization of rubber oc- 
curs at room temperature, dithiocarbamates are accelerators for vulcanization 
under mild conditions, 2-mercaptobenzothiazole is a typical accelerator for hot 
vulcanization, etc. The mobility of sulfur in these compounds falls in the same 
order. The same effect is indicated by a comparison of the accelerating powers 
of the compounds of the first series: 2-mercaptobenzothiazole is a typical ac- 
celerator, but the oxazole derivative is not very effective; the imidazole deriva- 
tive is an antioxidant and is not used at all as an accelerator. 

An investigation by Bresler® of the kinetics of exchange and of vuleanization 
for the case of thiuram showed that they are very similar. On the other hand, 
according to Dogadkin’s results*, the exchange and accelerator reactions of 
2-mercaptobenzothiazole, proceed at different rates. These contradictory re- 
sults may be explained as follows. It is logical to suppose that vulcanization 
is produced by sulfur that is splitting stepwise from an intermediate compound 
of type (b). The splitting of the —S—-S—-S— bonds apparently occurs homo- 
lytically, and separate sulfur atoms or fragments (containing 2, 3, ete., atoms) 
enter the solution and bring about the vulcanization of the rubber. This 
process must be a rapid one, like the breakdown of trisulfides into disulfides and 
sulfur'. For the exchange, however, the breaking of C-—S bonds must occur, 
and this will oceur with a much higher activation energy. This can explain the 
difference in the rates of vulcanization and of exchange. In those cases in 
which the intermediate compound (b) breaks down the rupture of C—S bonds, 
exchange will occur at the same rate as vulcanization. 

Finally, let us consider compounds that do not contain sulfur but accelerate 
vulcanization. It must be supposed that such compounds either react chemi- 
cally with sulfur under vulcanization conditions with formation of sulfur-con- 
taining thiones or thio acids, or are able to form intermediate compounds with 
sulfur of type (c), analogous in structure to compounds of type (b). For 
example, the feeble accelerator, 2-aminobenzothiazole, may form the eyelic 
compound (e) with sulfur: 


N 
N#Ng Sin) 
(c) 
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and the stepwise decomposition of this will yield atoms or groups of atoms of 
sulfur in the solution, which will cause vulcanization. 

There are some data, however, which are not in accord with the hypothesis 
of the common origin of the acceleration and exchange processes. For example, 
elementary sulfur does not undergo exchange with the sulfur of 2-mercapto- 
benzothiazole in presence of zine oxide™, although the latter is always added to 
rubber and does not hinder vulcanization. The absence of exchange has a 
simple explanation: the zine mercaptide has the thiol structure, and there is no 
Ce=$ group containing sulfur capable of undergoing exchange. The role of 
zine oxide in vulcanization is not clear. It is possible that it neutralizes the 
acid components of the rubber and that 2-mercaptobenzothiazole is already 
present in the form of the thione tautomer in the mixture undergoing vulcaniza- 
tion. 

It will be clear from this discussion that the investigation of the exchange 
reactions of sulfur in organic compounds is of great importance for the elucida- 
tion of a number of problems in sulfur chemistry and, in particular, for the 
establishment of the mutual effects of atoms and the effect of a-w-conjugation 
on the mobility and reactivity of sulfur in various compounds. At the same 
time, these studies are closely associated with the mechanism of the action of 
accelerators in the vulcanization of rubber, and provide material for the 
discovery of methods for their selection and use. 


SUMMARY 


The paper presents the results of investigations of the mobility of bivalent 
sulfur in organic compounds having C—SH, C—SC, CS—SC, C—S and 
8 


Vi 


C bonds, obtained by studying the exchange reactions of corresponding 


SR 
compounds with radioactive sulfur. 

Particular attention is devoted to isotope exchange of sulfur and hydrogen 
sulfide with sulfur-containing organic compounds used as accelerators of rubber 
vulcanization. Verification and ascertainment of the nature of the interaction 
between the sulfur in molecules of rubber vulcanization accelerators, and free 
sulfur may be of help in understanding the mechanism of action of rubber vul- 
canization accelerators which remains unknown. 

The data of such an investigation are of value, for the chemistry of organic 
sulfur compounds has been studied too little. Examination of the results, ob- 
tained by the authors and other investigators, shows that the sulfur in the C— 
SH, C—S and CS—SC bonds of organic compounds has little mobility and 
interchange either with free sulfur or with H.S even under relatively strenuous 
conditions. On the contrary, the sulfur of the thione group C=-S and the 
central sulfur atom of trisulfides are of great mobility. 

The data obtained can be explained if we assume that the mobility of sulfur 
in the investigated compounds depends on polar factors for the X=—S bonds 
increases with the increase of the polarity of the latter. 

In this case, the exchange mechanism of organic thione compounds with free 
sulfur or the sulfur of H.S can be represented by schemes I and II. 
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SC =S + H,S*—> YC 


S*H 


The majority of compounds having more labile sulfur atoms are at the same 
time more effective rubber vulcanization accelerators. 

However this parallelism has many exceptions. 

In a number of cases the rate of vulcanization greatly surpasses the rate of 
isotope exchange. It may be supposed that sulfur activation by an accelerator 
is connected with the formation of an intermediate compound capable of gradu- 
ally splitting the atoms (or groups of atoms) of sulfur as the latter pass into the 
reactive medium and perform vulcanization. The formation of such active 
splinters may originate only by the rupture of S—S but not C—S bonds while 
to realize an exchange the rupture of more hard bonds between sulfur and car- 
bon is required. 

All this may explain the considerably lower rate of sulfur isotope exchange 
in 2-mercaptobenzothiazole, as compared to the rate of vulcanization in presence 
of this accelerator. 
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PROCESSES RESULTING FROM THERMAL RUPTURE 
OF THE SULFUR BONDS IN VULCANIZATES * 


A. 8. Kuzminskil ann L. I. LyuscHANSKAYA 


Bcrentinic Keseancu Inertrete or THe Kossen Moscow, U.8.8.K. 


In earlier works! we had studied in detail the rupture of the molecular chains 
of rubber under the action of oxygen, high temperatures, mechanical stresses, 
and some other factors. V. A. Kargin and G. L. Slonimskii have directed our 
attention also to the possibility of a thermal rupture of the polysulfide sulfur 
bonds which form the structural network of vuleanizates. Dogadkin and 
Tarasova? observed a rupture of the polysulfide bonds in vuleanizates under 
the action of mechanical stresses at temperatures of 100° and 130° C, and also 
on dissolving the vulcanizates in Synthol (motor oil) at 180-190°. All the 
experiments were carried out by the authors in the absence of oxygen. 

There are no indications to be found in the literature as to the behavior of 
the free radicals which are formed as a result of the rupture of sulfur bonds. 
The present work is devoted to an exploration of this important question. 

The experiments’ were performed with vuleanizates of three types: (1) 
monosulfide (mainly intermolecular bonds of the type, —C-—S—C); (2) poly- 
sulfide (mainly intermolecular bonds of the type, —-C-—S,—-C—); (3) heat- 
vulcanizate (~-C-——-C— bonds). Vuleanizing conditions were chosen such that 
the several vuleanizates would have approximately the same equilibrium 
modulus. 

The monosulfide vulcanizate was obtained with this recipe: 100 parts rubber 
by weight, 1.0 part phenyl-2-naphthylamine, 2.0 parts stearic acid, 5.0 parts 
zine oxide and 3.0 parts tetramethylthiuram disulfide. Vulcanization was at 
143° C for 90 minutes. 

The polysulfide vulcanizate was obtained with this recipe: 100 rubber, 1 
phenyl-2-naphthylamine, 2 stearic acid, 5 zine oxide, 6 sulfur and 1 diphenyl- 
guanidine. Vulcanization was at 143° C for 20 minutes. 

The heat-vulcanizate was obtained with the recipe: 100 rubber, 2 stearic 
acid, 1 phenyl-2-naphthylamine. Vuleanization was at 220° C for 60 minutes. 

Sodium-catalyzed polybutadiene (sodium-butadiene) rubber was the base 
material from which all the vuleanizates were prepared. All antioxidants, 
free sulfur, accelerators, and their decomposition products were completely 
removed by extraction for 50 hours in the cold with acetone, in an atmosphere 
of nitrogen. In some experiments, the antioxidant and sulfur were introduced 
into the extracted vulcanizate through swelling in xylene solutions. The vul- 
canizates were tested in the form of thin strips with a thickness of 180—200y. 
The study of the oxidation of the vuleanizates and the consumption of the anti- 
oxidant in this process was carried out by methods which were described earlier‘. 

In previous communications it was pointed out that free sulfur dissolved in 
rubber acts as an antioxidant for the rubber. In Figure | are presented curves 
of oxidation of a heat-vulcanizate (/), a polysulfide vulcanizate (2), and a heat- 
vulcanizate containing free sulfur (3). (None of these three vulcanizates con- 


* Translated for Runser Curmisrry anp Tecunotocy by Maleolm Anderson from Doklady Akademit 
Nauk SSSK, Vol. 90, No. 3, pages 409-412 (1953) 
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Fic.1.—Kinetics of vuleanizate oxidation at 130° C. 1—Heat-vuleanizate. vuleanizate 
without free sulfur (3% combined sulfur, mainly polysulfide sulfur), 3 —Heat-vuleanizate with free sulfur 
(3% sulfur introduced by means of swelling). The abscissa represents time of oxidation in hours; the 
ordinate the amount of oxygen absorbed in millimoles/mole. 


tained phenyl-2-naphthylamine.) As can be seen, not only free sulfur but also 
combined polysulfide sulfur have distinct inhibiting properties. Actually, the 
rate of oxidation is 15 to 20 times less in a polysulfide vulcanizate than in a heat- 
vulcanizate. 

In the thermal rupture of the polysulfide bonds, for example, according to 
the equation: 


, the —S, radicals 


which are formed recombine with the radicals of the oxidizing chains, giving 
an inhibiting effect. 

In another series of experiments, the influence of polysulfide sulfur on the 
rate of consumption of phenyl-2-naphthylamine in the oxidation of vuleanizates 
(Figure 2) was investigated. It is known that free sulfur inhibits the consump- 
tion of phenyl-2-naphthylamine (segment Ab of curve 2). Molecules of free 
sulfur combine with the peroxide radicals of the rubber to produce new radicals 
of low reactivity, which are unable to detach the hydrogen atom from the anti- 


Fig. 2.—The influence of free sulfur on the kinetics of phenyl-2-naphthylamine consumption. Onxida- 
tion temperature, 130° C. 1--Heat-vuleanizate, Vuleanizate with 0.155% free sulfur (4% wotal 
sulfur). 3— Vuleanizate with 3%, combined sulfur (mainly polysulfide The abscissa represents the time 


of oxidation in hours; the ordinate (icy) the percentage of free pheny|-2-naphthylamine 
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3.—-Kineties of pheny!l-2-naphthylamine consumption in vuleanizates with different types of cross - 
links. Oxidation temperature, 130°C. 1-—~Vuleanizate containing mainly polysulfide sulfur (in nitrogen) 
2—-Vuleanizate containing mainly monosulfide sulfur (in oxygen). 8—-Vuleanizate containing mainly 
polyeulfide sulfur (in oxygen). Heat-vuleanizate (in oxygen). The abscissa representa the time of 
oxidation in hours; the ordinate the percentage of free pheny|-2-naphthylamine 


oxidant molecule, and hence paralyze the action of the antioxidant. As a 
result of this, the antioxidant is no longer being consumed, and in its presence 
an intense autocatalytie process develops®. 

An entirely different picture is seen in vulcanizates containing combined 
polysulfide sulfur (segment bB of curve 2 and the straight line 3). In the 
process of oxidation in such vuleanizates, the rate of antioxidant consumption 
considerably exceeds the rate of its consumption in the heat-vulcanizate 
(straight line /). 

One might suppose that the free radicals, formed when the polysulfide bonds 
in the vuleanizate decompose, react with the antioxidant and consequently 
bring about an increase of its rate of consumption, in comparison with that in 
the heat-vuleanizate. If such an assumption is correct, then when a polysul- 
fide vulcanizate is heated in nitrogen, some consumption of antioxidant should 
oceur. 

Experiments which we set up specially (straight line / in Figure 3) showed 
that there is no consumption of antioxidant in nitrogen. Consequently, the 


Fia. 4.~—Kinetics of the change in the high-elasticity equilibrium modulus when the vi leanizates are 
heated in various media. / and #—Vuleanizate containing mainly polysulfide eulfur (/- in ritrogen: 2—in 
oxygen). 3 and 4~—Vuleanizate containing mainly monosulfide eulfur (8-—in nitrogen; 4—in oxygen) 
The abscissa represents time of heating in hours; the ordinate the modulus (£4) in percentage of the initial 
modulus. 
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radicals which form during the thermal decomposition of polysulfide bonds are 
of low activity in the reaction with the antioxidant. It is evident that the 
increase of the rate of antioxidant consumption results from its reaction with 
the radicals which are formed when the decomposition products of the poly- 
sulfide sulfur react with oxygen or with the oxidation products of rubber. 

We shall not go at present into a discussion of the mechanism of the reaction 
between the antioxidant and the active centers in the vuleanizate. We shall 
only call attention to the exceedingly interesting fact that the products formed 
when free sulfur combines with the vulcanizate under oxidation, and those 
formed when its polysulfide bonds are ruptured, behave in two different ways 
toward the antioxidant. The former decrease the rate of antioxidant con- 
sumption, whereas the latter increase it. 

Figure 3 presents straight lines representing the consumption of the anti- 
oxidant in the process of oxidation of polysulfide and monosulfide vulcanizates 
(lines 2 and 3) and of a heat-vulcanizate (line 4). As can be seen, monosulfide 
bonds have no influence on the speed of the inhibited oxidation of the vulcani- 
wate. Evidently the monosulfide bonds are quite stable at 130° C. 

In Figure 4 are presented curves of the change of the equilibrium moduli of 
polysulfide and monosulfide vuleanizates under a process of heating in different 
media. As one would expect, the rate of structural changes in the polysulfide 
vulcanizate is considerably greater than that in the monosulfide vulcanizate. 

It is interesting that, under oxidation, even a different type of structural 
change is observed. In the polysulfide vulcanizate the modulus rises, whereas 
in the monosulfide it falls. Although the structure of the monosulfide vul- 
sanizate changes hardly at all during heating in nitrogen, in the polysulfide 
vulcanizate considerable structure formation is noted with heating. A sharp 
increase of the number of cross-links during the heating of the polysulfide vul- 
‘anizate in nitrogen indicates without a doubt the simultaneous progress of 
reactions of rupture and those forming new sulfide cross-links of a lower order. 

We have established that oxidative destruction in all rubbers, regardless of 
their structure, is accompanied by polymerization reactions. Taking into 
account the new data, we may consider it established that the operation of 
simultaneous destructive and structure forming reactions is the general rule 
for reactions in polymers built up with the help of free radicals. The lower 
rate of structure formation of the polysulfide vulcanizate in oxygen, compared 
with that in nitrogen, is the result of the superimposed oxygen destruction 

The results obtained by us relate only to vuleanizates not under a condition 
of stress. 

As we have shown’, when a vulcanizate is subjected to an elongation stress, 
this sharply changes the ratio between destruction and structure formation 

The general conclusion which may be drawn from the present work is that 
the polysulfide bonds in a vulcanizate lower its chemical stability toward oxygen 
By the thermal rupture of polysulfide bonds, free radicals are generated, and 
these are the source of the initiation of various processes in vulcanizates. 
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SULFUR EXCHANGE IN POLYSULFIDES AND IN 
VARIOUS VULCANIZATION ACCELERATORS * 


Kk. N. Guryanova, V. N. Vasityeva, L. S. Kuzina 


The establishment of the relation between structure and reactivity is one of 
the basic problems of modern organic chemistry. The greatest discovery of 
man-—the utilization of atomic energy—provided chemistry with a new, power- 
ful method for the study and solution of this problem, namely, the method of 
labeled atoms. 

The application of this method to the investigation of the relation between 
the reactivity of a substance and its molecular structure has proved to be very 
promising and has already given important results, particularly with respect to 
the reactivity of hydrogen in various compounds. 

With the aid of this tracer method, much information has been obtained 
about the mobility of halogen atoms in organic compounds. As regards sulfur 
compounds, these have received little investigation of this sort until recently. 
The organic compounds of sulfur, however, occur extensively among natural 
substances and find various applications in chemical practice, so that the estab- 
lishment of the laws governing the mobility of sulfur atoms as a function of 
molecular structure is extremely important. This problem can be solved by the 
use of the radioactive isotope S**. 

It can be expected that the investigation of exchange reactions with ele- 
mentary sulfur will enable us also to elucidate the mechanism of the separation 
of a sulfur atom from the Ss molecule. Moreover, the investigation of exchange 
reactions has an interest for its own sake, as the simplest method for the syn- 
thesis of labeled sulfur-containing compounds. 

In the present investigation we have used the isotopic-exchange method for 
the investigation of the effect of molecular structure on the exchange propensity 
of sulfur atoms in the bonds 8-8, C—S, and C==S in organic polysulfides and in 
certain compounds that can act as vulcanization accelerators. 

We shall not discuss the experimental procedure used—the synthesis and 
purification of the preparations and the methods of separating the components 
of the mixture obtained from the exchange reaction (a matter of special im- 
portance in work with radioactive tracers)—we shall merely indicate that in all 
cases the distribution of the radioactive isotope between the components of the 
reaction mixture was determined by drawing up a full balance sheet of the 
activity, the sulfur of any compound being converted into SO,” and the activity 
of the sample determined in the form of a precipitate of benzidine sulfate. 


EFFECT OF THE RADICAL ON THE MOBILITY OF 
SULFUR IN ORGANIC POLYSULFIDES 


In a study of organic polysulfides of the type R—S—S—S—R, we found 
that the middle sulfur atom undergoes exchange fairly readily with radioactive 


* From the Proceedings of the Conference of the Academy of Sciences of the USSH on Peaceful Uaea of 
Atomme Energy, July 1-5, 1055, Session of the Division of Chemical Science, pages 164-175. Except for 
the Summary, which ie transeribed from the Russian publication, this translation was made by the Con- 
sultants’ Bureau of New York 
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elementary sulfur, with formation of labeled compounds of the type R—S—S* 
S—R. The middle sulfur atoms of a polysulfide bridge are also able to undergo 
exchange with the middle sulfurs of another polysulfide. For example, if we 
treat ditolyl trisulfide, CH,;C,H,—S—S*—S—C,H,CH,, and then distil off the 
diethyl trisulfide in a vacuum, the distillate is radioactive. In the diethyl tri- 
sulfide so obtained, only the middle sulfur atom is active, C,H,—S—S*—S- 
C.Hs. 

We have observed similar exchange reactions in other systems; they have 
been observed also in vuleanized rubbers'. The question arises of the mech- 
anism of the exchange of sulfur atoms between polysulfides. 


TABLE 1 


EXCHANGE OF SuLruR BeTween PoLysuLFIDES AND 
ELEMENTARY Rapmoactive SULFUR 


Tempera- (keal 
System Structural formula of product ture, °C k-10* mole) 
Toly] trisulfide + Ss* in 0.85 14.5 
xylene (0.14 N) $—F-34 92 1.42 
eal 102 2.45 
(See note below) 126 10.32 
Ethyl trisulfide + in 129.3 1.25 27.3 
xylene (0.31 N) 140 3.1 
(ee neste 149.5 6.1 
166 19.1 
Benzy] trisulfide + Ss* \ y 130 
s-s-s-on-{ (5 hours) 


No exchange 


4-Tolylsulfony] sulfide 140 


No exchange 


4-Toly] tetrasulfide + 80 
Joy (10 hours) 


* Note: Also polysulfides containing a greater number of sulfur atome 


This reaction could be brought about in two ways: either the exchange is 
effected by the transfer of a sulfur atom from one polysulfide to the other, 
which must occur with the rupture of four S—S bonds, or the polysulfides ex- 
change RS—groups. After carrying out special experiments, including some 
with a labeled R radical, we convinced ouselves of the correctness of the second 
supposition?, When heated and irradiated with ultraviolet radiation, poly- 
sulfides break down at the S—S bonds, with formation of RS—, RSS*—, and 
other groups, the recombination of which results in the appearance of the 
labeled sulfur atom in a molecule that did not originally contain one. 

The first, purely quantitative experiments on sulfur exchange in polysul- 
fides showed that the mobility of sulfur atoms in polysulfide linkages depends 
greatly on the nature and structure of the radical’. 
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In order to determine the effect of the radical on the mobility of sulfur 
atoms in polysulfide bridges, we measured the rate of sulfur exchange between 
organic trisulfides and radioactive elementary sulfur in solutions at various 
temperatures. The course of the reaction was followed by the reduction in 
the activity of the elementary sulfur. 

Table 1 gives a summary of the results: k is the rate constant for isotopic 
exchange, calculated from the formula 


(¢+1)2-¢ 
Zo b |’ 


in which z is the activity of the sulfur at time ¢, zo is the initial activity of the 
sulfur, and a and b are the concentrations of trisulfide and sulfur, respectively ; 
E is the activation energy, determined from the experimentally found relation 
between k and 1/7 

A comparison of the results will show the great difference in the behavior of 
the middle sulfur atoms in polysulfides having aliphatic and aromatic radicals. 
The activation energy for the exchange reaction with tolyl trisulfide is 14.5 
keal./mole, whereas the value for the reaction with diethyl trisulfide is 27.3 
keal./mole. The effect of the radical on the behavior of sulfur in a polysulfide 
bridge is clearly seen also in benzyl] trisulfide and 4-tolylsulfonyl sulfide. 

Purely quantitative experiments on the exchange of sulfur in tolyl tetrasul- 
fide show that the exchange of the middle sulfur atoms in this compound pro- 
ceeds approximately in the same way as in tolyl trisulfide. In further work we 
propose to determine the way in which the character of the sulfur linkages in 
polysulfides varies with increase in the number of sulfur atoms (tri-, tetra-, 
hexasulfides). The reaction of 8 exchange between polysulfides and elementary 
sulfur is accompanied by side reactions in which sulfur is incorporated into the 
polysulfide bridge, with formation of polysulfides having more sulfur atoms than 
the original compounds. This leads to difficulties in the investigation of the 
reaction mechanism. 

In order to determine the effect of the radical on the behavior of S—S bonds 
in organic disulfides, we studied the exchange of RS—-groups between disulfides 
and the corresponding thiols: 


k = log 


RS*—S*R + RSH ———~ RS*H + RS—S*R. 


The course of the reaction was followed by observation of the appearance of 
radioactive sulfur atoms in the thiol molecule RS*H. Experiments on the 
kinetics of the exchange of RS— groups between disulfides and thiols were 
carried out in hydrocarbon solution at different temperatures. The results are 
given in Table 2. In the fourth column of the table, values of k, the apparent 
rate constant for the exchange, are given; they were calculated from the form- 
ula: 


in which z is the activity of thiol at time ¢, and z, is its activity at equilibrium. 

The fifth column gives the values of k at 100°, which were obtained by extra- 
polation of the experimental values of k. The sixth gives k,/kp, (at 100°), in 
which k, is the apparent rate constant for exchange in any of the investigated 
systems at 100°, and kp, is the apparent rate constant for exchange in the 
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TaBLe 3 


Buty! disulfide +1-butanethiol Benzy! disulfide +e-toluene- 
in decahydronaphthalene ; p-Toly! disulfide +p-toluene- thiol in deeahydronaph- 
196°+1°C thiol in xylene; 120° +0.5° C thalene; 202°+1° C 


0.5 . “ “ 1.0 0.17 

2.5 0.20 


system, phenyl disulfide + benzenethiol at 100°. Finally, the seventh column 
gives values of the activation energy for the exchange reaction. 

It will be seen from the data in Table 2 that the conditions for the exchange 
of RS— groups between disulfides and thiols vary greatly from one system to 
another. For example, exchange of RS— groups between pheny! disulfide and 
benzenethiol proceeds at an appreciable rate at only 35°, whereas exchange 
between p-nitrophenyl disulfide and p-nitrobenzenethiol goes at about the same 
rate only at 100-105°. Exchange is still more difficult in systems of compounds 
containing aliphatic and benzyl radicals. This is particularly obvious when 
reaction rates and activation energies are compared, 

What is the cause of such a great variation in the conditions required for the 
exchange of RS— groups between the disulfides and thiols investigated? In 
order to answer this question it is essential to know the mechanism of the ex- 


change reactions. With this object we measured reaction rates at various 
concentrations of reactants’, the concentration of one component being varied 


lay K 
“40 


~45 1 
4.5 ° Os log C 


Fia. 1.—Dependence of the rate of the exchange reaction on the concentration of reactants. 1) Buty! 
disulfide + 1-butanethiol; I1) benzyl disulfide + a-toluenethiol; I11) p-tolyl disulfide + p-toluenethiol. 
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while that of the other remained constant. The results of these experiments 
are given in Table 3. 

The first column gives the concentration of thiol C, (mole/liter), the second 
gives the concentration of disulfide C, (mole/liter), and the third gives values of 


k = (Cq-C,) = (1 =) 
t 
It will be seen from the table that, in all three systems, a ten-to-twenty-fold 
increase in the concentration of thiol has practically no effect on the apparent 
rate constant for the exchange. However, change of the concentration of the 
disulfide at constant concentration of thiol results in a considerable change of 
the value of k. The dependence of k on the concentration of reactants is seen 
more clearly when represented graphically; in Figure 1 the data of Table 3 are 
represented in the form of graphs. 
It will be seen from the courses taken by the lines that in all three systems 
the rate of exchange of RS— groups between disulfides and thiols is independent 
of the thiol concentration and is proportional to the square root of the disulfide 


concentration. Hence, k = or = Values of k’ calculated from 
this formula are given in the fourth column of Table 3 and, as will be seen, its 
constancy is maintained quite satisfactorily for all values of Czand C,. Hence, 
on the basis of the results obtained for the three systems investigated, it may be 
considered that the exchange of RS— groups between disulfides and thiols is 
not a simple bimolecular reaction in which there is a collision between the 
molecules RS*—S*R and R—-S-—-H accompanied by a rearrangement of bonds: 


If the exchange reaction occurred in accordance with this scheme, then the 
rate would depend both on the disulfide concentration and on the thiol con- 
centration. It is evident that the exchange reaction between disulfides and 
thiols is a more complex process and proceeds in several stages. The fact that 
the rate is independent of the thiol concentration and proportional to the square 
root of the disulfide concentration may be an indication that the limiting stage 
is the process of the breakdown of the disulfide into radicals. 

The hypothesis that the reactions that we have studied have a radical mech- 
anism is confirmed, not only by the kinetic results, but also by the fact that the 
reaction of RS-group exchange is considerably accelerated by the action of 
ultraviolet radiation®. Finally, we succeeded in detecting the presence of 
radicals in solutions of some of the investigated disulfides by purely chemical 
methods, i.e., by the reaction with 2,2-diphenyl-1l-picryl-hydrazyl. 

Consequently, in the light of the experimental results obtained, we may 
describe the mechanism of the reaction of exchange of RS-groups between 
disulfides and thiols as follows. Under suitable conditions the disulfide forms 
RS’ radicals. The labeled radical collides with a thiol molecule and removes 


| 
R—S* —R 
| 
R-§ +H 
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its hydrogen atom with formation of a labeled thiol molecule and an unlabeled 
RS’ radical. The activity of the sulfide formed as a result of the recombination 
of RS radicals falls correspondingly. The slowest stage is that of the decom- 
position of the disulfide into radicals. If this is so, then there should be a direct 
relationship between the activation energy for the exchange reaction and the 
ability of the disulfide to break down into radicals at the S—S bond. This con- 
clusion is confirmed experimentally when the kinetics of the exchange of RS- 
groups between disulfides and thiols having different R radicals are investi- 
gated. Table 2 gives data on the exchange between phenyl! disulfide and 
1-butanethiol, and also between buty! disulfide and benzenethiol, and these show 
that the rate and activation energy of the exchange reaction do not depend on 
the identity of the thiol, but are determined solely by the character of the S—S 
bond in the disulfide. In the future we hope to make a detailed investigation of 
the mechanism of the exchange reaction which will enable us to relate the 
activation energy for exchange with the S—S bond energy in disulfides. At 
present we can make only a quantitative estimation of the effect of the radical 
R on the strength of the S—S bond in disulfides 

It follows from the data in Table 2 that the introduction of any substituent 
in aromatic disulfides (CH;, OCH,;, CyHs, irrespective of its polarity, 
has the same effect with respect to sign on the homolytic strength of the S—S 
bond. In all cases the S—S bond is strengthened, compared with unsubstituted 
phenyl disulfide. With respect to the magnitudes of their effects, the substitu- 
ent groups fall into the following order: 


H < CH; OCH, < CoH, < NO, 


An increase of the homolytic strength of an S—S bond as the result of the 
introduction of substituents, irrespective of their polarity, is probably a general 
law for the homolytic reactions of substituted aromatic compounds. 

Quantum-chemical calculations on bond orders in aromatic compounds 
indicate that any substituent (irrespective of its polarity) produces an increase 
of the free-valency index of the ortho- and para-carbon atoms. The change in 
the degree of binding of the ortho- and para-carbon atoms under the influence 
of a substituent of any polarity in the benzene ring probably determines the 
regularities that we have observed in the behavior of the S—S bond in sub- 
stituted disulfides. 


EFFECT OF MOLECULAR STRUCTURE ON THE MOBILITY 
OF SULFUR IN C—8 AND C=8 BONDS 


The sulfur in C-—-S bonds generally undergoes exchange with elementary 
sulfur much less readily than the sulfur in S—S bonds. In some compounds, 
however, the difference is small. 

Table 4 gives the results of experiments on exchange with radioactive ele- 
mentary sulfur. The tendency for sulfur attached to carbon to undergo ex- 
change depends greatly on the structure of the molecule: the sulfur of thioear- 
bamoyl and 2-mercaptobenzothiazole derivatives undergoes exchange with 
elementary sulfur at 100-130°, whereas the exchange of the sulfur of benzene- 
thiol, butyl disulfide, phenyl disulfide, ete., occurs only at 200-230°. In order 
to appreciate the significance of these results, it is essential to know the mech- 
anism of the sulfur-exchange reaction undergone by these compounds. } 

For some of these systems we have investigated the dependence of the rate 
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SULFUR EXCHANGE SULFIDES AND ACCELERATORS 


TaBLe 5 
DEPENDENCE OF THE Rate or EXcHANGe wirh ELEMENTARY 
SULFUR ON CONCENTRATION 


2-Mercaptobenzothiazole 2-Benzothiazolyl disulfide Diisobutylthioearbamoy! 
(Cea) + sulfur (C,) in (Co) + sulfur (C,) in disulfide (Cs) + sulfur 
naphthalene, 131° naphthalene, 159° (C,), in benzene, 136° 


Ca 108 on Co k- 108 108 
0.12 0.24 0.58 0.09 0.18 0.2 0.1 2.8 
0.24 0.24 0.58 0.18 0.18 ‘ 0.4 0.1 3.0 
0.72 0.24 0.56 0.36 0.18 0.8 0.1 2.8 
0.24 0.12 0.33 0.90 0.18 04 0.025 Ls 
0.24 0.24 0.58 0.18 0.09 { 04 0.1 2.8 


0.24 0.72 1.2 0.18 0.18 “a 
: 0.18 0.36 04 0.2 3.8 


of the exchange on the concentrations of reactants. The results obtained for 
three of these systems are given in Table 5. 

The rate at which exchange occurs in these systems is almost independent 
of the concentration of sulfur, but it varies with the concentration of the organic 
compound. The concentration-dependence of the rate of exchange is more 
readily seen when the results are expressed graphically (Figure 2). 

In the system, 2-mercaptobenzothiazole + sulfur, the rate of the exchange 
is independent of the sulfur concentration and directly proportional to the con- 
centration of 2-mercaptobenzothiazole. In the systems, 2-benzothiazolyl disul- 
fide + sulfur and diisobutylthiocarbamoyl disulfide + sulfur, the rate of the 
exchange is again independent of the sulfur concentration, but is proportional 
to the square root of the concentration of the second component. A depend- 


logK 


-O.F O log 


Fic. 2.--Dependence of the rate of the exchange reaction on the concentrations of reactants. 1) 
2-Mereaptobenzothiazole + sulfur; 2) 2-benzothiazoly! disulfide + sulfur; 3) dimobutylthicearbamoy!l 
disulfide + sulfur. 
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ence of rate on concentration of this kind again allows us to postulate a radical 
mechanism for sulfur exchange in C—S bonds. 

The tendency of sulfur in C—S bonds to undergo exchange is determined 
mainly by the strengths of these bonds, so that the activation energy for the 
exchange reaction is primarily determined by the C—S bond strength. The 
results for sulfur exchange in substituted 2-mercaptobenzothiazoies are inter- 
esting from this point of view (Systems 9, 10,11, and 12in Table 4). Substitu- 
ents have almost no effect on the homolytic rupture of C—S bonds in these 
compounds. The character of the concentration dependence of sulfur exchange 
in 2-mercaptobenzothiazole (system 8) and in bis(2-benzothiazolyl) disulfide 
(system 5) and the similar activation energies of these systems indicate that the 
mechanism of sulfur exchange is the same in both compounds. 

Comparison of the activation energies for sulfur exchange in bis (trichloro- 
phenyl) disulfide (System 4) on the one hand and for sulfur exchange in various 
compounds having vuleanization-acceleration properties (Systems 5, 9, 13 and 
14) on the other shows that there is a great difference in the C—S bond energies 
between these groups of compounds. It is possibe that this criterion—the 
ability to form radicals by fission at a C—S bond—is one of the most essential 
characteristics of vulcanizing agents and vulcanization accelerators. 

Comparison of the results on sulfur exchange in various diethyldithiocar- 
bamate salts (Systems 18, 19, 20, 21, and 22) gives an indication of the effect of 
the nature of the metal on the tendency of the sulfur in these compounds to 
undergo exchange. The variation observed is probably associated with the 
tendencies of the metals to form internal-complex compounds. 

Sodium diisobutyldithiocarbamate occupies a special place among these salts 
(System 22). The readiness with which sulfur undergoes exchange with this 
compound depends on the identity of the solvent used. 

In esters of dialkyldithiocarbamiec acids (Systems 24, 25, and 26), unlike the 
salts of these acids and the corresponding thiocarbamoy! disulfides, only one 
sulfur atom—probably the C==S sulfur—takes part in exchange. The sulfur 
atom attached to ethyl does not undergo exchange. As regards the exchange 
of the sulfur of CS bonds, i.e., thione sulfur, then, as can be seen from Table 4 
(Systems 23, 24, 27, and 28), it occurs much less readily than that of the C-—S 
sulfur of analogous compounds (Systems 9 and 13). Moreover, the mechanism 
of sulfur exchange in compounds containing the C=S bond is essentially differ- 
ent from that operating in compounds containing the C—S bond. 

The rates of sulfur exchange in 3-methyl-2-benzothiazolinethione (System 
23) and in ethyl dimethyldithiocarbamate (System 26) depend both on the 
concentration of sulfur and on the concentration of the organic component. 
Thus, when the concentrations of both components in the system, 3-methyl-2- 
benzothiazolinethione + sulfur, were varied to give a range of concentrations 
varying as 1:2:3:4, the exchange rate constant (k-10‘) varied as follows: 
1.1:1.8:3.4:5.6, Le., the kinetics were close to those for a bimolecular reaction. 
It is possible that in these compounds, which contain the C==S bond, exchange 
proceeds through the formation of a complex with sulfur, as has been suggested 
in the literature’. 

A more detailed discussion of the mechanism of sulfur exchange and the 
effect of molecular structure on the tendency for sulfur to undergo exchange in 
particular groups of compounds that we have investigated will be given in other 
communications 

In the course of the present work we have synthesized a large group of com- 
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pounds labeled with radioactive sulfur. A list of these compounds is given in 
Table 6, with indications of the method used for the introduction of the radio- 
active isotope into the molecule and the approximate yield of product. A more 
detailed description of some of these syntheses has been published previously*. 
Other methods for the synthesis of some of these compounds are described in 
the literature’. 


SUMMARY 


The method of labelled atoms offers very good opportunities for solving the 
problems of structure and reaction capacity. 

The radioactive sulfur isotope S** was used in the work to find out the influ- 
ence the structure of molecules exerts on the mobility of sulfur atoms in the 
bonds S—S, C—S, C==8 of organic polysulfides and a number of other com- 
pounds, including vulcanization accelerators. 

We found that the intermediate sulfur atoms in organic polysulfides exchange 
comparatively easily with elementary radioactive sulfur, producing labelled 
polysulfides—R—S—S*—S—R. A number of compounds showed instances of 
a significant effect of the radical on the exchange capabilities of the intermediate 
sulfur atoms in organic trisulfides R—S—S*—S—R. The activation energy, 
for instance, of the exchange reaction of the intermediate sulfur atom in ditolyl 
trisulfide is equal to 14.5 Keal/gmol and in diethyl! trisulfide—27.3 Keal/gmol. 

The intermediate sulfur atoms in polysulfides likewise show capabilities of 
effecting an exchange with intermediate sulfur atoms of other polysulfides. 
This phenomenon, observed in model systems, occurs in certain vuleanized 
rubbers and has been investigated by a number of Soviet scientists. 

Through a study of the mechanism of the reaction of the sulfur exchange 
between polysulfides, we established that these compounds exchange RS groups. 
A detailed examination of the temperature and concentration dependency of the 
rate of exchange of the RS groups between the RS—SR disulfides and the cor- 
responding RSH thiols led to the conclusion as to the radical mechanism of these 
reactions and demonstrated that the reaction rate is chiefly determined by the 
stability of the S—S bond in the disulfides. 

Investigating the influence of various substitutes (X) in diphenyl! disulfide 


8-—S< x) on exchange capabilities of RS groups, we found 


that any substitutes, independent of their electrical charge, exert the same in- 
fluence by sign on the behavior of the S—S bond of aromatic disulfides. In all 
cases, the S—S bond becomes stronger in comparison with the unsubstituted 
diphenyl disulfide. In order of influence the substituting groups can be ar- 
ranged as follows: H < CH; < OCH; < C,H; < NO, A conclusion was 
drawn that the regularity we observe is not a particular case peculiar to a 
homolytic break of the bonds of substituted aromatic compounds. 

The exchangitivity of sulfur in compounds containing C—S bonds depends 
considerably on the structure of the molecules and is determined primarily by 
the durability of these bonds. Comparing the activation energies of sulfur 
exchange in hexachlordiphenyl disulfide (47.3 keal/g-mole) with the activation 
energies of sulfur exchange in a number of compounds able to serve as vuleaniz- 
ation accelerators such as Altax (23 keal g-mole), thiuram (21.5 keal/g-mole), 
Captax (24 keal/g-mole), we can see how different are the energies of the C—S 
bonds of these compounds. It is possible that this criterion, the ability to 


— 


554 RUBBER CHEMISTRY AND TECHNOLOGY 


form radicals by C—S bond, is one of the main criterions that characterize vul- 
canizing agents and accelerators of vulcanization. 

The sulfur exchange in compounds containing C=8 bonds, i.e., thion sulfur, 
is a far more difficult process than in similar compounds with the C—S bond 
and its mechanism is quite different. 
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THE KINETICS AND OCCURRENCE OF 
OPTIMUM VULCANIZATION * 


B. A. DoGADKIN 


Screntivic Researcn Inerrrure of THe Tine Inoverny, Moscow, U.S.8.R 


VULCANIZATION OF NATURAL RUBBER STOCKS 
WITH LOW SULFUR CONTENT 


The fundamental reaction of vulcanization is the combination of a vuleaniz- 
ing agent with rubber. The kinetics of this reaction is expressed by smooth 
curves. Simultaneously with the combining of the vulcanizing agent, in fact 
as a result of it, changes take place in a number of physical and chemical proper- 
ties of rubber—solubility, modulus, tensile strength, and other indexes. Unlike 
the kinetics of combination of the vuleanizing agent, the changes in these proper- 
ties are most often represented by curves having a maximum or minimum which 
characterizes the phenomenon of optimum vuleanization. 

The extreme form which curves of changes of physical and chemical proper- 
ties of rubber assume during vulcanization can be explained, in our opinion, by 
the fact that, during vulcanization, there is a competition between opposing 
reactions, of which one set are reactions of structure formation (i.e., increase of 
the molecular weight and the intensity of intermolecular reaction), and the 
others are destruction reactions. Thus, during vulcanization under faetory 
conditions, at least two reactions take place: (1) the reaction between rubber 
and sulfur, and (2) the reaction between rubber and molecular oxygen intro- 
duced into the vuleanization mix by milling with the ingredients. The amount 
of oxygen present here in moles approaches the molar concentration of sulfur. 

As a result of the reaction with sulfur, the tensile strength increases, not only 
because of the increase of intermolecular cohesive forces but also because of the 
formation of sulfur bridges between chains. Starting with the additive nature 
of intermolecular reactive forces and the fact that bridge sulfur is a linear fune- 
tion of the total amount of combined sulfur (Figure 1) in a sulfur reaetion pro- 
ceeding in isolation, we may write: 


T5 =b,+a,'S (1) 


where 7'* is the tensile strength; S is the amount of combined sulfur; and b; and 
a, are constants. 

In natural rubber mixtures, the action of oxygen is destructive, since the 
strength of the vuleanizate drops in proportion to the quantity of combined 
oxygen: 

= by — (2) 


Under actual vulcanization conditions, both reactions proceed jointly, and 
the summation of their effects on tensile strength is expressed by combining 


* Translated for Renaen ano Tecuno from Jealedovaniya Oblaati Vysokomoleku- 
lyarnykh Soedinentl, Doklady k Konf. po Vysokomolekul. Soedineniyam, 1949, pages 102-116. This 
port presente a brief résumé of work which the author earried out together with Bo K. Karmin, A. Y 
Dobromyslova, M. 8. Fel’dshteln, N. Novikova, D. 1. Pevzner, B. V. Lukin, and 1. I. Goldberg 
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Equations (1) and (2). A statistical look at the change of molecular weight 
under simultaneous structure formation and destruction processes leads to an 
equation of summation in the following form: 


According to the data of Lewis', the kinetics of sulfur combination is de- 
scribed by the equation: 
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Fia. 1.—The relation between bridge and total combined sulfur in the vulcanizate. 1-—Without ac- 


celerator. 2-—Stock with diphenylguanidine. The abscissa represents the per cent combined sulfur; the 


ordinate the per cent of sulfur, determined by methyl! iodide. 


The kinetics of oxygen combination under conditions of high catalyst content 
may be described by an analogous equation: 


= Of hav) (5) 


Substituting (4) and (5) in Equation (3) and simplifying a8 necessary, we arrive 
at the equation for change in tensile strength: 


T = + a-So(1 — — b-Oo(1 — (6) 


where 7'y is the strength of the raw stock; So is the total sulfur content; Oo is 
the oxygen content; k, is the kinetic constant for sulfur combination; k, is the 
kinetic constant for oxygen combination; and a and 6 are structural-strength 
constants which relate the change of tensile strength to the quantities of com- 
bined sulfur and oxygen, respectively 

The applicability of Equation (6) is confirmed in a number of examples of 
natural-rubber stocks, in cases where the total sulfur content was not more than 
3 percent. In Figure 2 are plotted the theoretical curves and the correspond- 
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ing experimental points. Figure 3 presents the experimental curve (3) of 
change of tensile strength during vulcanization of a mixture containing mer- 
captobenzothiazole. In accordance with Equations (1), (2), (4) and (5), and 
with constants calculated from the kinetic curve of tensile strength, the prob- 
able kinetic curves of combination for sulfur and oxygen were constructed, as 
well as curves of the change of tensile strength resulting from sulfur (7'*) and 
oxygen (7°) combination. The accuracy of this representation of the kinetics 
of component reactions is confirmed by: (1) the coincidence of experimental 
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Fia. 2.-—The change of tensile strength of stocks with various accelerators during vulcanization. 1— 
Dimethyldithiocarbamate; 2—Heptaldehyde-aniline; 3—Tetramethylthiuram disulfide; 4—Mercapto- 
benzothiazole; 5—Diphenylguanidine. The abscissa represents time of vulcanization in minutes; the 
ordinate the tensile strength in kg. per aq. em. 


points for the combination of sulfur with the theoretical curve and (2) agreement 
of the activation energy for the presumed oxidation reaction in vuleanization 
(11,000 cal./mole) with the experimentally determined activation energy for 
the oxidation reaction in rubber under the same conditions (12,000 cal./mole). 
Direct proof of the explanation of the phenomenon of optimum vulcanization 
proposed by us was afforded by experiments under conditions where molecular 
oxygen was completely excluded from the stock being vulcanized. In Figure 4, 
curve | presents the change of tensile strength of a stock containing 1.9 per cent 
sulfur with mereaptohenzothiazole as the accelerator for the case of ite vul- 
canization in the form of thin strips (the reaction vessel being evacuated at 
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Fic. 3. Kinetic curves for mereaptobenzothiazole stocks. 1—~Theoretical curve of the change of 
tensile strength resulting from combined sulfur; 2--That resulting from reaction with oxygen; 3-—Experi- 
mental curve of change in tensile strength; 4—Theoretical curve of combination with sulfur; 5—That of 
oxygen combination. The abscissa represents time cf vulcanization in minutes; the two left scales of the 
ordinate represent ratios of strengths resulting from combined oxygen and sulfur, respectively, to the 
strength of the raw stock, while the seale on the right represents per cent sulfur. 


50 


JO 


20 


15 


Consomubnenue porpoby 8 


O 2 460 60 80 00 120 0 160 180 200 220 200 
6 mun 


Fig. 4.--Change of the tensile strength of natural rubber during vuleanization. 1—In an atmosphere 
of nitrogen; 2-—In air and in the vuleanization of sodium-butadiene rubber; 3—In nitrogen; 4—In air. 
The abscissa represents the length of vuleanization time in minutes; the ordinate the tensile strength in kg 
per eq. em. 
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room temperature for a period of 10 hours with a mereury pump and then filled 
with pure nitrogen); curve 2 shows this for the case of vulcanization of these 
same strips in a reaction vessel full of air. It can be seen that the exclusion of 
oxygen from the vulcanized stock causes the maximum in the kinetic curve 
of tensile strength to be eliminated ; in other words, the phenomenon of optimum 
vulcanization disappears. Curves 3 and 4 describe analogous experiments on 
sodium-butadiene rubber stocks. In this case no difference between curves was 
observed, for a reason which is fully understood and explained below. 

Figure 5 shows the influence which the individual reactions of structure 
formation and destruction exert on the parameter of the kinetic curve of change 
of tensile strength and, in particular, on the maximum strength (7',,) and on the 
time for optimum vulcanization (7,). It is seen that an increase of the constant 


Fis, 5.—-Diagram of change of tensile strength at optimum vulcanization (/’) and the time required 
to reach optimum vuleanization (rm), as dependent on the change of the constants ki, ks, a, and b of the 
basic Equation (6) 


of speed k, for the combination of sulfur, when the rest of the factors are kept 
constant, brings about a rise of the maximum tensile strength (7,,) and a drop 
in the time required to reach optimum vulcanization (7,). An increase of the 
kinetic constant of the oxygen reaction (ks) causes a drop in tensile strength at 
optimum vuleanization and also shortens the time for optimum vulcanization. 
A change of the constants a and b does not affect the time required for optimum 
vulcanization, but rather seems to affect the maximum tensile strength appreei- 
ably. 

This effect of the individual reactions on the general character of the kinetics 
of change of tensile strength during vuleanization can be detected through the 
action of accelerators, which changes not only the constant (k,) of the speed 
of the sulfur reaction, but also the constant (k,) of the speed of the reaction with 
oxygen. We had established? that mercaptobenzothiazole accelerates, but 
that thiuram and diphenylguanidine retard, the oxidation reaction in rubber 
Investigation of changes of viscosity and molecular weight (by osmosis) shows 
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that mercaptobenzothiazole not only accelerates the reaction of union with 
oxygen, but also promotes the scission of molecular chains in natural rubber; 
the combined oxygen content being the same, the viscosity of a solution of rub- 
ber containing mercaptobenzothiazole drops more sharply than that of one 
where the oxidation takes place in its absence. Hence, mercaptobenzothiazole 
should be considered to be an agent which greatly increases the value of the 
kinetic constant, k,, of the oxygen component of the vulcanization process. 
Thiuram, on the contrary, decreases the value of the constant k,, while increas- 
ing the kinetics of the sulfur reaction. The result of this, as is seen in Figure 5, 
is that stocks with thiuram show an increased tensile strength at optimum vul- 
canization in comparison with mercaptobenzothiazole stocks (Figure 2). 


123 133 %J 153 
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Fie. 6.-- Effect of vuleanization temperature on tensile strength at optimum vuleanization in stocks 
with different accelerators. 1-—-Thiuram; 2—Mercaptobenzothiazole. The abscissa represents vulcaniza- 
tion temperatures in ° C, the ordinate tensile strength in kg. per 6q. em. 


The effect of vulcanization temperatures on the tensile strength at optimum 
vulcanization in stocks containing different accelerators in equimolar amounts, 
is especially characteristic. From Figure 6 it is evident that stocks differing 
only in their accelerator have temperature coefficients of vulcanization which 
differ in sign. Such an effect could not occur if the change of tensile strength 
during vuleanization proceeded under the operation of only one factor. But 
with the interaction of two reactions at cross-purposes—structure formation 
and destruction—each of which has a separate positive temperature coefficient, 
the overall process may possess both positive and negative temperature coeffici- 
ents, depending on the corresponding temperature coefficients and speeds of the 
individual reactions. For example, in a thiuram stock a rise in temperature 
leads to an increase of tensile strength at optimum vulcanization, because this 
accelerator increases the speed of the combining reaction with sulfur and slows 
down the reaction with oxygen. In stocks containing mercaptobenzothiazole, 
a rise of temperature lowers the tensile strength of the vulcanizate as a con- 
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sequence of intensifying the destruction reaction in relation to the reaction of 
structure formation. 

As for the characteristics of the accelerators, we must point out that their 
influence is felt likewise on the structural-strength coefficients a and b of the 
basic Equation (6). This influence is connected with the fact that the ac- 
celerators give rise to some sort of sulfur compounds in the vulcanizate. Little 
is known as yet of the types of these compounds. However, by using the 
method of Selker and Kemp’, we were able to establish that the introduction 
of mereaptobenzothiazole in the vuleanization of sodium-butadiene rubber in- 
creases the bridge sulfur content from 2 to 6 per cent of the total sulfur content. 
In natural rubber stocks this effect of accelerators is less marked, apparently 
because the commercial product already contains natural accelerators. 

From the presentation which we have put forward regarding the mechanism 
of vulcanization, it may be presumed that antioxidants introduced into a stock 
exert an influence not only on the aging (oxidation) of finished rubber products 
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Fic. 7.--Effect of an antioxidant (Tonox) on the kinetics of change of tensile strength. 1-—Stock with 
0.5 part by wt. of Tonox; 2—-Stock with 1 part Tonox; 3-—Stock without Tonox. The abscissa represents 
time of vuleanization in minutes; the ordinate the tensile strength in kg. per aq. cm 


in service, but also on the parameters of the kinetic curves of vulcanization. 
Actually, as can be seen in Figure 7, the addition of Tonox (p-p’-diaminodi- 
phenylmethane) raises the tensile strength value at optimum vulcanization 
(T,,) and lengthens the time for optimum vulcanization (7,,). This action by 
Tonox is related to the fact that it is an oxidation inhibiter, and that, in its pres- 
ence, the kinetic constant for the reaction of oxygen combination, ky, in Equa- 
tion (6) decreases to a value of 0.020, instead of 0.034 for the case of vuleaniza- 
tion of the same stock without Tonox. According to the system depicted in 
Figure 5, this should also bring about an increase of 7, and T,. 


VULCANIZATION OF STOCKS WITH HIGH CONTENT 
OF STRUCTURIZING AGENT 
The kinetic Equation (6) which we propose describes and explains fairly 


accurately the nature of vuleanization of natural rubber with a low sulfur 
content (3-5 per cent). However, as experiments show, it does not hold good 
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Fic. 8.—Kinetics of vulcanization of natural rubber stocks containing 2 per cent sulfur A-—Stock. 
with mercaptobenzothiazole B-Stock with diphenylguanidine. The abscissa represents time of vuleaniza- 
tion in minutes. On the ordinate, the upper eae hand scale represents tensile strength in kg. per sq. em.; 
the lower left-hand seale represents the per cent combined sulfur; the scale at the nght represents the per 
cent swelling. These correspond to the solid, dotted, and beaded lines, respectively. 


with stocks containing more than 5 per cent of sulfur. A comparison of Figures 
& and 9 shows the difference in vuleanization: kinetics between stocks with 2 
and 7 per cent sulfur. In stocks of low sulfur content, the drop in tensile 
strength comes at the moment when practically all of the sulfur has combined 


with the rubber; the descending loop corresponds to a period of prolonged action 
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Fie. 9.—Kinetics of vuleanization of natural rubber stocks containing 7 per cent sulfur. A—Stock with 
mercaptobenzothiazole , B-Stock with diphenylguanidine The abscissa represents time of vulcanization 
in minutes In the ordinate, the upper left-hand scale represents tensile strength in kg. per sq. em. ; the 
lower left-hand scale represents the per cent sulfur; the scale at the right represents the per cent swelling 
These correspond to the solid, dotted, and beaded lines, respectively. 


562 
250 
/ | 
> 200 j 400 
: 
TN 
50 
| 
Sl 


VULCANIZATION WITH LOW SULFUR 563 


of oxygen as a destructive agent. For this reason, the kinetie curve represent- 
ing the swelling ability of a vulcanized stock in gasoline has a minimum which 
coincides in time with the maximum of tensile strength. However, when stocks 
with high sulfur content are vulcanized, the maximum tensile strength is reached 
at a point before the sulfur is wholly consumed—namely, when the combined 
sulfur amounts to 3.5 per cent on the rubber. The swelling curve for this case 
is a smooth one, descending to the limiting value. This sort of change in prop- 
erties of a stock indicates that, as a result of prolonging the sulfur combination 
beyond the optimum vuleanization point, the reactions of structure formation 
become dominant over the destructive action of oxygen. In order to clarify 
the maximum on kinetic curves for these cases, we may adopt the following 
hypotheses‘. 

It is known that the tensile strength of vuleanizates depends on the amount 
of the crystallized phase present ; that is, in general, on the amount of the highly 
oriented portion of the rubber which is created under tension at the moment of 
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Fic. 10.--Dependence of the tensile strength of a vuleanizate on the amount of the crystalline portion 
which is created by an elongation of 500 per cent (for vuleanizates of various compositions) The abscissa 
represents the percentage of crystals; the ordinate the tensile strength in kg. per sq. em 


breaking. This is evident from Figure 10, where the tensile strength of vul- 
canizates which differ from one another in type of accelerator and sulfur con- 
tent approximate, at optimum vulcanization, a linear function of the erystal- 
lized phase®. Crystallizing ability, in turn, depends on the inner structure of 
the vulcanizate. In a raw plasticized stock no crystallization takes place under 
tension, because of the occurrence of plastic flow. The creation of a crystallized 
phase becomes possible after the vulcanizing agent, establishing local bonds 
between chains, eliminates plastic deformations. The density of the vulcan- 
izate network rises as the content of structure forming agent increases, besides 
which the strength of the network grows. However, the tensile strength of the 
network rises only as long as its density does not become so appreciable as to 
hamper the movements and orientation of the molecular chains, thus reducing 
the quantity of the crystallized or highly oriented phase present. In the case 
of natural rubber vulcanizates, this position is reached when about 3.5 per cent 
of sulfur is combined with the rubber. When this point of optimum vuleani- 
zation has been reached, a decline of tensile strength is observed. 
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An interpretation of this sort is confirmed by the following interesting fact, 
observed only in stocks high in sulfur. If the tensile strengths of vulcanized 
stocks are determined at different speeds, we note not only a change in the 
absolute indexes but also a displacement of the optimum point in vulcanization 
time (Figure 11). This displacement is explained by the fact that as a result 
of relaxation, particularly in the molecular chains, a bigher speed of deformation 
means a larger number of chains in the oriented condition. Hence, the more 
rapid the deformation, the lower the network density at which a maximum can 
be reached on the tensile strength curve. 

The concept of an influence exerted by the density of a vulcanization net- 
work on the tensile strength of the vulcanizate does not contradict the previous 
discussion regarding the presence in vulcanization of varidirectional reactions of 
structure formation and destruction. Further, the increase of network density 
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Fie, 11.—-Change of tensile strength of stocks with 7 per cent sulfur during vulcanization. The figures 


on the curves indicate the deformation speed in mm. per minute. The absciesa represents vulcanization 
time in minutes; the ordinate the tensile strength in kg. per aq. cm. 


can give rise to a maximum on the tensile strength curve, but cannot explain 
the occurrence of special points on the curves of swelling, solubility, and modu- 
lus 


The class of stocks into which rubber stocks high in structure forming agent 
fall also includes ordinary (2 per cent sulfur) stocks of sodium-butadiene rubber 
and of other kinds of butadiene polymers containing double bonds which are 
principally in vinyl side-groups, with the 1,2-structure. As we have shown‘, 
these rubbers become insoluble, elastic, and strong even in the early stages of 
oxidation. Such a change in properties is connected with the creation, in the 
chains, of a large number of oxygen-containing functional groups, which increase 
the intermolecular attraction between chains and within chains, and also insure 
the formation of hydrogen bonds or bonds which are chemically of the ether 
type, between chains. The latter is demonstrated by the appearance of narrow 
absorption bands at wave lengths’ of about 8.54 and likewise by the rise of the 
(osmometric) molecular weight during oxidation. Thus it is that oxygen, in 
the case of sodium-butadiene rubber, plays a role similar to that of sulfur as a 
structure forming agent. This is why, in sodium-butadiene rubber stocks, the 
maximum either does not appear at all or else is observed only in kinetic curves 
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Fie, 12.—Kineties of vuleanization of sodium-butadiene stocks containing 2 Pie | cent sulfur. A- 
Stocks with mercaptobenzothiazole; B-—Stocks with diphenylguanidine. The abscissa representa vul- 
canization time in minutes. In the ordinate the left-hand scale represents S cent combined sulfur, the 
middle scale per cent swelling, and the scale on the right tensile strength in kg. per sq. cm. These corre- 
spond to the dotted, beaded, and solid lines, respectively. 


of change of tensile strength. The rest of the properties (swelling, modulus) 
show their change in smooth curves (Figures 4 and 12). 

An intermediate position, with respect to the character of vulcanization 
kinetics, between natural rubber and sodium-butadiene stocks is occupied by 
butadiene-styrene rubbers of the Buna-S type. In these rubbers, apparently, 
the double bonds are located chiefly in the main chains, with a 1,4-structure. 
Thus, in these rubbers the oxygen at a certain stage can play a role of destructive 
agent like that in natural rubber. We traced structural changes under vul- 
canization in natural and butadiene-styrene rubbers through the change in the 
modulus of two-dimensional stress, which, according to Treloar*, has the fol- 
lowing form: 
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Fie. 13.—Change of the two-dimensional stress modulus as a function of the sulfur content, in natural 
rubber vuleanization, The abscissa represents bar per cent combined sulfur; the ordinate the two-dimen- 
sional stress modulus in kg. per sq. em. The peak of the curve represents optimum vulcanization. 
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where N is the number of sections (molecular chains) between junctions of the 
vulcanization network and k is the Boltzmann constant. 

In natural rubber stocks, the two-dimensional stress modulus increases ac- 
cording to the increase in combined sulfur up to the moment of optimum vul- 
canization; after this point, in spite of the still-continuing combination with 
sulfur, the modulus sharply declines; this indicates the course of the oxidative 
destruction reaction (Figure 13). In butadiene-styrene rubber stocks, the 
modulus curve is more complex in form; after the optimum moment there is a 
slight drop, after which comes a sharp rise (Figure 14). This rise is, no doubt, 
connected with the structure forming action of thermal oxidation reactions. 
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Fig. 14.—Change of the two-dimensional stress modulus as a function of the sulfur content of buta- 


diene-styrene rubber vuleanizates. The abscissa representa the per cent combined sulfur; the ordinate the 
two-dimensional stress modulus in kg. per sq. em. The arrow indicates optimum vulcanization. 


Beginning with Equation (7), we may trace the quantitative change in 
vuleanizate network junctions. It is not hard to understand that the creation 
of each new junction in the existing network increases the number of sections 
between chains by a factor of 2. Thus: 


where n is the number of junctions in the network. Assuming now that 
junctions consist of single atoms of sulfur and that the bridge monosulfide sul- 
fur is a linear function of the combined sulfur (Figure 1), we may write: 
S n-m- 100 
Y 
where S is the percentage of combined sulfur; Sy is bridge sulfur; 7 is a coeffici- 
ent relating combined sulfur to bridge sulfur; n is the number of monosulfide 
bridges in one cc. of the vuleanizate; m is the weight of an atom of sulfur; and p 
ia the density of the vulcanizate. Making use of Equations (7), (8), and (9), 
we arrive at the expression: 
da K-T-p 


— 14.1 K 10% dynes/em?/1% 8.... (10) 
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Calculation of the coefficient y for the rectilinear portion of the modulus 
curve for natural-rubber stocks gives a value of 0.19. This figure corresponds 
to an analogous amount which we determined to be the quantity of monosul- 
fide bridge sulfur, by means of the Kemp method of reaction with methyl 
iodide (for the reaction with methyl iodide, y = 0.21). In butadiene-styrene 
rubber stocks the monosulfide sulfur, determined by the methyl iodide method, 
amounts to about 22 per cent. This figure is considerably lower than the 
figure corresponding to the coefficient y, determined through the two-dimen- 
sional stress modulus (for the final portion y = 0.76). 

It is evident that the two-dimensional stress modulus expresses all kinds of 
cross-connections, while the methyl iodide method determines only the mono- 
sulfide bonds. For this reason, in vulcanizates of those kinds of rubbers in 
which oxygen plays the part of a structure forming factor, the coefficient y, 
determined through moduli, should be greater than the figure obtained by 
reaction with methyl iodide. 

Thus we may conclude that the character of change in the two-dimensional 
stress modulus is in complete agreement with the concepts developed in regard 
to the kinetics of vulcanization and the mechanism of the phenomenon of 
optimum vulcanization. 
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Cracks perpendicular to the axis of stretching rapidly appear on stretched 
or bent rubbers exposed to the atmosphere (in the case of loaded vulcanized 
polybutadiene in the spring and summer months, in a few days). The funda- 
mental cause of this phenomenon is the action of the ozone which is always 
present in the atmosphere in concentrations of several millionths of a per cent. 
However, we still lack any clear idea of the mechanism of this phenomenon, 
which would make possible a rational determination of ways to protect rubber. 
Questions related to the mechanism of ozone cracking of rubbers are discussed 
in this article on the basis of new experimental data. 

Causes of the formation of cracks. The presence of a stress is an indispensable 
condition for ozone deterioration. It is believed that the role of the stress can 
be summed up as follows". 

1. The rubber molecules, under the influence of stress, are activated with 
respect to ozone. 

2. The stress modifies the relation between the processes of structure forma- 
tion and destruction in favor of the latter. For example, the stress may facili- 
tate rupture of the chains during regrouping of the initial unstable ozonide into 
isoozonide?, 

Both these assumptions are still unproved. It has been established experi- 
mentally that ozone also reacts with relaxed vuleanized rubber*® and unvulcan- 
ized rubber*. However, because of the easy decomposition of ozone in contact 
with the surface of substances, the reaction is greatly retarded after the forma- 
tion of a surface film of ozonide. 

It is known that the reaction of ozone with rubber in solution is accompanied 
by rupture of the chain during regrouping of the ozonide into isoozonide. We 
may assume that in the reaction of hard rubber with ozone this process will also 
take place, but to a lesser degree ; consequently, ‘‘molecular’’ cracks must form 
on the surface. This evidently occurs in such rubbers as natural and Butyl 
rubber, which are subject principally to destruction. A very pronounced 
structure formation, with the appearance of a brittle film on the surface, is 
observed in the reaction of purified polybutadiene in the relaxed state with 

The deforming stress has a double role in the ozonization of rubbers. 

1. The stress opens old cracks wider, and if the ozonide layer is not very 
elastic, it causes the latter to crack, too. As the cracks open at separate points 
on the surface film, any obstruction to diffusion is decreased and the reaction 
with ozone continues, leading to further development of cracks. This aspect 
of the action of the stress is characteristic of rubbers and consists in apparent 
activation and acceleration of the reaction between ozone and rubber. Appar- 


* Translated for Runpen Curemterny anp Tecunococy from the Doklady Akademil Nauk 8.8.8.R., 
Vol. 89, No. 2, pages 325-328 (1953). 
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ent activation can take place not only during the action of stress. A similar 
phenomenon was observed in the ozonization of relaxed polybutadiene, buta- 
diene-styrene and butadiene-acrylonitrile rubbers containing carbon black and 
immersed in acetic acid or chloroform, that is, under conditions where the en- 
tire surface film is continuously removed. In this case the rubber dissolves 
forming carbon black suspensions. 

The explanation of ozone deterioration on the basis of theories of the 
activation of rubber by stress seems unfounded to the authors, since: (a) this 
does not explain the unique character of rubber deterioration (cracking); (b) 
according to published data® it is hardly possible to regard the activating role 
of stress in ordinary low-molecular rubbers at low deformations (1.5-2 per cent) 
as sufficient for ozone cracking; (c) the process would have to be activated in 
this case by any kind of stress, especially compression. 

We have shown, however, that the surface of rubber subjected to pure com- 
pression is not susceptible to ozone cracking. The experiment was conducted in 
the following manner. A rubber plug (1) made of compounded polybutadiene 


A 


Fic. 1.—Double ozonization of vuleanized rubbers in relaxed, then in stretched state. A—SKN-26; 
B—SKB; C—SK8-30; D—Neoprene; E—-Natural rubber. The specimens after ozonization for 40 minutes 
at 20% elongation; ozone concentration 0.0025% (for Neoprene the ozone concentration was 0.08% and 
the time 55 minutes). 1-—Control sample. 2 and 3—Ozonized in relaxed state 6 hours; ozone concentra- 
tion0.3%. 3-—Stretched to 100% every 2 hours 


rubber was forced into a metal tube so as to be flush with the end of the tube, 
with only the end of the plug exposed; the plug was under a radial compression 
of 15 per cent. Into the other end of the tube, for comparison, another rubber 
plug (II) was inserted so that it protruded partly from the tube and was under 
15 per cent compression. Both plugs were subjected to the action of ozone 
at a concentration of 0.1 per cent. After 4 minutes, a deep circular crack ap- 
peared at the bend, i.e., at the rim of the tube, on plug I]. On plug I, the end 
of which was under pure compression, there was no change at all, even after 90 
minutes. 

What proof is there of the formation of a brittle ozonide film on the surface 
of most synthetic elastomers? It is known that polybutadiene ozonide is a 
solid®; on the basis of existing data, butadiene-acrylonitrile rubber’ and poly- 
chloroprene* ozonides are also solid. Furthermore, the following experiment 
confirms the hypothesis. Specimens of loaded polybutadiene rubber, SKN-26, 
butadiene-styrene copolymer, and Neoprene were ozonized without stretching 
in a current of ozonized air (ozone concentration 0.3 per cent) for 6 hours. One 
group of specimens was stretched 100 per cent after every 2 hours and then 
relaxed. After ozonization, the specimens were stretched 30 per cent and 
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placed in an ozone atmosphere of lower concentration (about 0.001 per cent) 
with a control sample. Since microcracks appear on rubber which has been 
oxonized without stretching, one would expect that, when the stress is removed, 
they would become loosely connected during the second deformation, owing 
to the brittleness of the surface film, and ozonization of the lower layer of 
rubber would take place. When such specimens, stretched 30 per cent are 
ozonized, no cracks, or very few, should appear. This was observed by the 
authors for the rubbers mentioned (see Figure 1). 

This effect was not observed for natural rubber (Figure le) and Butyl 
rubber (that is, the nature of the deterioration was the same in all specimens). 
This agrees with the fact that natural rubber ozonide is a heavy oil’, and Butyl 
rubber ozonide is also apparently a liquid, since the surface of Butyl rubber after 
ozonization becomes very sticky. 

2. The second aspect of the action of a stress is common to all solids: the 
deforming stress causes the formation of cracks in rubber (surface cracks ac- 
cording to Bartenev"), leading to rupture. In the case of rubbers, this action 
of the stress is accelerated by the influence of ozone. The relationship between 
the cracking (and rupture) of brittle materials due to stretching, and the crack- 
ing of vulcanized rubbers due to ozone is shown by the following. In the 
action of ozone on stretched loaded vulcanizates of natural, SKS, SKB, and 
SKN rubbers, immersed in glacial acetic acid and carbon tetrachloride, no 
deterioration by ozone was observed, even after several hours, despite the com- 
paratively high concentration of ozone, viz., 0.3 per cent. Under ordinary 
conditions, in air, the specimens crack in 10-15 minutes in the presence of 
ozone concentrations 500 times smaller. The tremendous increase in resistance 
of rubbers to ozone deterioration in this case is due to the fact that the surface 
film formed on vulcanizates under the influence of ozone, and having micro- 
cracks, is dissolved in the carbon tetrachloride or acetic acid. 

This phenomenon is similar to the sharp increase of the tensile strength 
(400 times) of rock salt, observed by A. F. Joffe when the surface layer of a 
crystal containing microcracks is dissolved in water. A similar increase of 
tensile strength was observed by Zhurkov when glass fibers were corroded by 
hydrofluoric acid", 

Conditions which favor ozone deterioration in rubbers. Evidently the funda- 
mental conditions necessary for and favoring the formation of cracks on vul- 
canizates under the influence of ozone are: 


1. The presence of reactive segments in the rubber phase of the vulcanizate 
(evidently the double bonds are such segments). 

2. The presence of directed mechanical stresses (causing extension but not 
compression) in the rubber. 

3. The unique character of the chemical reaction of vuleanized rubber with 
ozone, which is accompanied in particular by rupture of the hydrocarbon chain, 
formation of a low-elastic surface film (in this case, where the ozonides are 
solid), and is characterized by the absence of ozone diffusion inside the specimen. 


Ozone deterioration is not only a chemical, but at the same time a physical 
process; hence the identity of the ozone resistance of vulcanizates with their 
resistance to ozone deterioration is incorrect. This identity of the properties 
has been made in scientific literature’. Two examples clearly demonstrate 
the difference between the chemical resistance of rubber to ozone and its resist- 
ance to ozone deterioration. 
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TaBLe 
CRACKING OF VULCANIZATES BY Ozone at Low TEMPERATURES 
Natural Natural 
Hevea kok-saghyz Gutta SKB S8KS-30 SKN-26 
Temperature (° C) at which 
cracks appear —35° -10° +5° 
Temperature at which 
cracks do not appear (, —40° -40°  —10° —20° —15° 0° 
Relative vitrification 
temperature —55° -55° -40° -40° —20° 
b—t 15° 15° 20° 20° 25° 20° 


(a) The example cited earlier of the absence of cracking during ozonization 
in rubbers deformed in liquids, while cracking takes place in air, although in 
both cases the chemical properties of the rubber and the stress applied are the 
same. 

(b) When the temperature is increased from 20° to 50°, the rate of appear- 
ance of the cracks increases only 1.4 times", while the rate of the chemical re- 
action should increase 8 times. When the temperature is reduced to —50° 
(experiments were not made at lower temperatures), a rapid chemical reaction 
was observed between ozone and various carbon-black rubbers in chloroform, 
judged by the formation of carbon-black suspensions. At the same time, crack- 
ing ceased in rubbers at higher temperatures, i.e., 15-20° above the conventional 
vitrification point (see Table 1). (The rubbers were tested by stretching to 
20 per cent deformation; the ozone concentration was 0.4 per cent.) Observa- 
tions were continued | hour after the appearance of cracks. The relative 


vitrification temperature was determined as the temperature at which the 
residual deformation of a rubber stretched 20 per cent was 100 per cent after 
10 minutes at the given temperature. 

The unique character of the chemical reaction with ozone is confirmed by 
the absence of cracks during the action of such active reagents as iodine, bro- 
mine, or nitrogen peroxide fumes, and concentrated sulfuric acid on stretched 
or swollen vuleanizates. A hard slightly elastic film appears on the surface. 


Fig. 2.—Vuleanized natural rubber (1), SKB rubber (#, 8) and SKN-26 rubber (4) after having been 
treated, in the deformed state, with bromine (/, 2), iodine (9), and nitrogen dioxide (4) 
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When the stress is removed from the specimens, the film is wrinkled and forms 
folds (see Figure 2). In distinction to ozone, these reagents penetrate very 
deep (we observed the formation of a surface layer more than 100 thick), and 
the hardness of the entire specimen increases sharply, while ozone acts only on 
the cracks on the fresh surface of the rubber. 
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The complex chemical reactions underlying the thermal oxidation of rubbers 
develop in two opposite directions; oxidative destruction, which involves a 
scission of the main valence chains (oxidative destruction) ; and the formation 
of branched structures (polymerization). The final result of these reactions in 
rubbers is a profound irreversible change which appears outwardly as the loss 
of some commercially valuable properties (elasticity, solubility, etc.). 

The aim of the present report is to explain some results of an investigation 
of the kinetics and intermediate products of the oxidation of a sodium-butadiene 
polymer’, 

Strips of polymer 30—40y thick were subjected to oxidation. The method 
of purifying the polymer and preparing strips, as well as the apparatus and 
method of studying oxidation are described in detail in a paper which the 
authors devoted especially to this*. 

During the oxidation of the polymer in the temperature range of 80-100° C, 
solid, liquid, and gaseous reaction products are formed. The proportions of 
these products change with the degree of oxidation and the temperature. 
Figure 1 presents curves of the evolution of volatile matter’ in the oxidation 
process. In shape these are reproductions of the kinetic curves of oxidation, 
The volatile products include formic acid and formaldehyde. They are pro- 
duced chiefly by the oxidative decomposition of double bonds in the side 
chains. The loss of unsaturation in the side chains during oxidation, deter- 
mined from ozonolysis data, is equal to the loss of unsaturation, calculated 
from the quantity of volatile matter formed‘. 

Thus, for example, as a result of complete oxidation of the polymer at 90° C, 
the loss of unsaturation in the side chains equaled 11.2 per cent (ozonolysis 
data), while that calculated from the volatile products was 11.0 per cent. 

Of the total consumption of oxygen in oxidation of the polymer (650 milli- 
moles/mole), only 200 millimoles/mole* is converted into volatile products. 
The data presented show that oxidation extends only in a limited degree to the 
double bonds in the side chains. 

We showed that the presence of volatile products in the reaction zone exerts 
virtually no influence on the course of the reaction. 

In the temperature range indicated above, adequately reproducible results 
on oxidation kinetics were obtained. The sum of the weights of the oxygen 
and rubber entering into the reaction at all its stages and at various tempera- 
atures is equal to the sum of the weights of oxidized polymer and volatile re- 
action products. 

In order to clarify the dependence of oxidation speed on temperature, the 


* Translated for Rossea Cuemistay ann Tecunotooy from Iasledovaniya Oblasti Vysokomoleku- 
lyarnykh Soedinentt, Doklady k po Vysokomolekul, Soedineniyam, 1949, pages 117-128. 
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Fic. 1.— Kinetics of the evolution of volatile reaction products in the process of oxidation of the polymer. 
100° C; 2--100°. The abscissa represents the time of oxidation in hours; the ordinate the per cent by 
weight of volatile matter, caleulated on the sum of the weights of oxidized polymer and volatile matter. 


reaction was studied at 80°, 90° and 100° C. Results of the experiment are 
given in Figure 2. 

Without going into a detailed description of the kinetic curves such as we 
have given earlier*, we may confine ourselves to the area of retardation of the 
reaction, where the speed of oxidation gradually declines to small values, even 
though the number of double bonds consumed does not exceed 50 per cent of the 
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Fie. 2.—Oxidation of the polymer at various temperatures. 1--Experiment No. 22 at 80° C; 2— 


Experiment No. 21 at 90°; 3—Experiment No. 13 at 100°. The abscissa represents time of oxidation in 
hours; the ordinate the oxygen absorption in millimoles per mole of polymer. 
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Fie. 3.—Oxidization of the completely oxidized polymer (ground into a powder). 1-—Curve of oxida- 
tion of the original polymer (thickness of the strip, 160); 2 urve of oxidation of the completely oxidized 
polymer after grinding to a powder. The abscissa represents time of oxidation in hours; the ordinate the 
oxygen absorption in millimoles per mole of polymer. The arrow indicates the point at which the polymer 
was ground up. 


original content. It may be assumed that the retardation of the reaction 
depends on the inhibiting effects of diffusion. In order to convince ourselves 
of the correctness of such a presumption, we carried out the following experi- 
ments: we subjected strips of polymer, 30 and 160y thick, to oxidation; after 
the absorption of oxygen ceased, the strips were ground into a powder, which 
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Fig. 4.—Effect of benzoyl peroxide on the oxidation of the completely oxidized polymer. 1-—-Curve of 
oxidation of the original me td a 2-——-Curve of oxidation of the polymer after grinding into powder and 
activating with benzoy! peroxide (at the point indicated by the arrow). The abscissa represents time of 
oxidation in hours; the ordinate the oxygen absorption in millimoles per mole of polymer. 
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was then oxidized again. It was found that the powder made from thick strips 
was being oxidized intensely. In Figure 3, curve / characterizes the oxidation 
of thick strips. The arrow indicates the point on the curve where the strip was 
removed from the reaction vessel, ground to powder, and again subjected to 
oxidation. 

Curve 2 depicts the oxidation of the powder from a fully oxidized polymer. 
However, the powder obtained from a thin oxidized strip, when again subjected 
to oxidation, did not oxidize. 

These experiments show that the cessation of the reaction in thin strips does 
not involve the retarding effects of diffusion. A second assumption as to the 
reason for the inhibition of the reaction is that there are heterodynamic double 
bonds in the ploymer. Part of these react easily with oxygen, while another 
part of the double bonds depend on auxiliary activation for their stimulation. 


€ 
Bpema, vacax 
Fic. 5.—Influence of the ratio between double bonds contained in the principal chains of the polymer 
and those in side chains on the kinetics of oxidation of the polymer. 1—Curve of oxidation of a butadiene 
polymer whose principal chains contain 20 per cent of the double bonds; 2—Curve of oxidation of a buta- 


diene polymer whose principal chains contain 80 per cent of the double bonds. The abscissa represents 
the time of oxidation in hours; the ordinate the oxygen absorption in millimoles per mole of polymer. 


The exhaustion of the easily reacting double bonds may thus bring about in- 
hibition and the complete cessation of the reaction. In order to confirm this 
hypothesis, the following experiment was carried out. A thin strip of polymer 
(30 thick) was oxidized to the limit. Then the oxidized strip was ground into 
a fine powder, which was then swelled in a benzene solution of benzoyl peroxide 
for 24 hours at room temperature. The swollen powder was dried in a vacuum 
and then subjected to oxidation. Figure 4 presents the curve of oxidation for 
the original polymer (J). At the point indicated by the arrow, the reaction 
ceased. Curve 2 characterizes the oxidation of the powder. As the diagram 
shows, benzoyl peroxide makes possible a further oxidation of the ‘‘completely”’ 
oxidized polymer with molecular oxygen. 

In order to clarify the way in which the surviving double bonds are dis- 
tributed, in fully oxidized polymers, between the principal chains and the side 
chains, experiments in ozonization were conducted on the polymers. 

The loss of unsaturation in the side chains, determined from the ozonolysis 
data’, in conjunction with measurement of the total loss of unsaturation, shows 
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Fis. 6. Perry mee of peroxides in the process of oxidation of the polymer at various temperatures. 
1—80° C; 2—0 100°, he abscissa represents the absorption of oxygen in millimoles per mole of 
polymer ; the m. tha the amount of oxygen present in the peroxide form, in millimoles per mole of polymer. 


that the double bonds in the butadiene polymers have differing reaction capabi- 
lities. Thus, in a polymer completely oxidized at 90°, the double bonds in the 
principal chains were consumed in the amount of 68 per cent, while in the side 
chains only 14 per cent were consumed. Hence, on the basis of the previous 
data, we may conclude that oxidation is preferentially distributed to double 
bonds in the principal chains. The ozonization was conducted according to 
the method described in the work of Yakubchik, Vasil’ev, and Zhabina’, 

Data on the heterodynamic nature of the double bonds of the principal and 
side chains makes it possible to surmise that the kinetics of oxidation in buta- 
diene polymers depends to a considerable degree on the proportion between 
these and other bonds. In order to verify this hypothesis, experiments were 
set up for oxidation of polymers which differed in the double-bond content of 
their principal chains. Figure 5 presents the kinetic curves of the oxidation 
of these polymers’. 

An increase of the double-bond content of the principal chains, as one might 
expect, leads to an increase of the speed of reaction and a sharp increase of the 
total oxygen consumption. 

Numerous experiments that we conducted* showed that the speed of oxida- 
tion depends in large degree on the accumulation of peroxide compounds in the 
system. In Figure 6 curves of the accumulation of peroxides at various tem- 
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Fie. 7.—Aceumulation of carboxylic acide and esters in the »rocess of oxidation of the polymer at vari- 
ous temperatures (solid phase). 1-—-80° C; 2—90°; 3-—100 he abscissa represents the oxygen absorp- 
tion in -— per mole of polymer ; es ordinate ‘oxygen in the form of acids and esters, in rmillimoles per 
mole of polymer. 
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Fic. 8.— Decrease of unsaturation in the process of oxidation of the pol 1—Decrease of unsatura- 
tion, theoretic - eurve obtained by calculation oom the combination o 4 ‘molecule of oxygen with a 
double bond ; Decrease of unsaturation at 80° C; 3—The same at 90°; 4——The same at 100°, The 


al absorption of oxygen in per mole of polymer; the ordinate the per cent 
unsaturation. 


peratures are shown. Curves representing change of peroxide concentration 
go through a maximum which corresponds in time to the point of inflection in 
the S-shaped curve of oxygen versus time; i.e., the point at which the speed of 
oxidation is at its highest. With a rise of temperature, the concentration of 
peroxide corresponding to a given quantity of combined oxygen decreases. 

Among the products of polymer oxidation, no compound with carbonyl 
groups was detected. 

Figure 7 presents curves of the accumulation of carboxyl groups versus the 
oxidation time. The acids appear at the very beginning of the reaction, and 
their quantity rises continuously along with the progress of the reaction. In 
polymer oxidation, a small amount of esterification of carboxyl groups is also 
found. 


vacax 


Fie. 9.—-Effect of heat treatment on the oxidation of the polymer at 100° C. 1—Curve of oxidation 
of the polymer ; 2—-Curve of oxidation of the polymer after heat treatment in a high vacuum at 100° for 4 
hours. The abscissa represents time of oxidation in hours; the ordinate the absorption of oxygen in 
millimoles per mole of polymer 
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As already noted*, oxidation of polymers accompanies a reduction in their 
unsaturation. Figure 8 shows curves of the loss of unsaturation in the oxida- 
tion process. 

It can be seen in the diagram that, at temperatures of 80° and 90° C, the 
loss of unsaturation, determined by analytical means, lags behind that calculated 
from the combined oxygen. In the early stages of oxidation, in fact, no losses 
of unsaturation could be detected at all. Farmer found the same situation in 
natural rubber oxidation. 

At the start of oxidation at 100° C, the unsaturation drops faster, and the 
loss here, determined experimentally, considerably outstrips the loss as calcu- 
lated. In the range of oxygen absorption from 50 to 520 millimoles/mole at 
all temperatures, the linear relation between quantitative absorption of oxygen 
and loss of unsaturation is maintained. For one lost double bond, approxi- 
mately one molecule of oxygen is expended; as the reaction proceeds, the 
amount of molecular oxygen going into a double bond increases somewhat. 

We showed that, at a temperature near 100°, besides the loss of unsaturation 
which is immediately connected with oxygen combination, an additional loss 
of unsaturation takes place in the side chains of the polymer. Along with this, 
the physical properties of the polymer change considerably. Its solubility in 
organic solvents sharply decreases, and its tensile strength rises. 

All these changes in the polymer indicate the development of the poly- 
merization reaction and the appearance of a three-dimensional structure. If 
oxidation takes place mainly on the double bonds of the principal chains, and 
polymerization proceeds mainly in the double bonds of the side chains, one 
would expect these processes to be somewhat independent of each other. 

Actually, as was shown above, the degree of polymerization does not affect 
the depth of oxidation. However, the question of the influence of polymeriza- 
tion on the character of kinetic curves of oxidation remained unanswered. In 
order to get a direct answer to the above question, the following experiment 
was set up: strips of polymer were heat-treated under a high vacuum in the 
reaction vessel before oxidation. The temperature (100° C) and time of the 
heat-treatment were the same as for the oxidation. Then the reaction vessel 
was filled with oxygen and the oxidation took place. In Figure 9, the results of 
the experiment are given. The curve of oxidation of the heat-treated polymer 
almost exactly duplicates the curve corresponding to the normal processes of 
oxidation. Consequently, it may be stated that preliminary polymerization 
does not affect the oxidation. 


DISCUSSION OF RESULTS 


The results presented in the experimental portion show that the oxidation 
speed of a polymer increases with time. The increase is found to be directly 
connected with the accumulation of stable peroxide compounds in the system. 
As our earlier experiments’ showed, the introduction of benzoyl peroxide into 
the polymer shortens the induction period of the reaction and increases its 
speed considerably. 

In conjunction with the oxidative degradation of the polymer, polymeriza- 
tion also takes place, as was shown earlier. 

Temperature affects these two reactions in different ways. Although the 
oxidation has a temperature coefficient of 1.80, still the polymerization at tem- 
peratures below 100° C proceeds at a low speed, while near 100° the speed rises 
markedly. 
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Such a difference between the effects of temperature on polymerization and 
on oxidation depends on the specific course of these reactions between long- 
chain molecules. 

According to the diagram adopted by us, oxidation develops as a result of 
the reaction of the aldehyde radical with oxygen, while polymerization results 
from the reaction of this radical with the double bond. Both of these reactions 
proceed for the most part with the same activation energy, which equals 5-6 
calories. Thus the difference in speeds cannot be explained by a difference in 
the activation energy. 

The speed of reaction is determined, not only by the speed of activation, but 
by the number of collisions. Even though the number of collisions depends 
little on temperature, since a molecule of gas is reacting with a chain molecule; 
still, in polymerization (where the reaction takes place between two chain mole- 
cules) the temperature will have a strong effect on the mobility of the chains 
and, therefore, on the number of their collisions. 


OXIDATION DIAGRAM OF THE 8ODIUM-BUTADIENE POLYMER 
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SECONDARY CHAIN; 
Variant I Variant II 


| 


and so forth, according to the primary and so forth, according to the primary 
chain diagram, chain diagram. 


The secondary reaction: 
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The diagram supplied above represents the general mechanism of oxidation, 
as including two reaction routes: oxidative decomposition and polymerization. 

The initiation of primary chains takes place when oxygen reacts directly with 
the double bonds of the polymer molecules. However, the secondary chains are 
initiated at the expense of energy liberated by the decomposition of stable 
peroxides. Both the primary and the secondary chains develop by way of the 
very same intermediate active centers of the radical type. 

Scission of the chains takes place as a result of recombination, but also as a 
result of stabilization or oxidation of aldehyde radicals. The scission of chains, 
as the diagram shows, leads to the growth of a three-dimensional structure. 


SUMMARY 


1. Adequately reproducible results were obtained, and a complete balance 
was achieved between substances entering the reaction and the products of 
oxidation. 

2. It is shown that the oxygen which enters into the reaction at all stages of 
oxidation is retained mainly in the form of peroxides, acids, and ethers. 

3. The kinetics of polymer oxidation, and also the accumulation of inter- 
mediate reaction products, were studied at various temperatures. 

4. It is shown that the cessation of oxidation occurs long before the ex- 
haustion of the polymer’s double bonds; the reasons for this phenomenon are 
revealed. 

5. The decrease of unsaturation in the process of oxidation at different 
temperatures was studied. 

6. It is shown that the process of oxidative decomposition is accompanied 
by polymerization. 

7. It is shown that oxidation extends mainly to the double bonds in the 
principal chains, while polymerization is confined mainly to the double bonds 
in the side chains. 
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8. A diagram of the oxidative mechanism is given, including both of the 
directions of reaction (decomposition and polymerization). 
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CHAIN SCISSION IN THE OXIDATION OF HEVEA.* I. 


k. M. Bevitacqua 


Generat Unrrep States Reusser Co., Passaic, New 


INTRODUCTION 


The essential role of oxygen in the reduction of viscosity of unvulecanized 
rubber during mastication is well known in a qualitative way, but there is little 
quantitative information about the efficiency with which it is used in this proc- 
ess. A recent study of the low-temperature breakdown of Hevea by Pike and 
Watson! clearly suggests that the efficiency (measured in terms of scissions of 
the hydrocarbon chain per mole of oxygen absorbed) is high under conditions 
where mechanical rupture of carbon to carbon bonds is important. At elevated 
temperatures (above about 120°), the viscosity of Hevea has fallen sufficiently 
so that mechanical rupture is no longer effective, and mastication serves only to 
mix the rubber and to expose continuously fresh surfaces to air. Measure- 
ments of the efficiency of oxidation on films thin enough so that oxygen diffusion 
does not affect the results should, therefore, be satisfactory to determine the 
efficiency of oxidative scission under practical milling conditions. 

It is not possible to make such measurements with ordinary forms of rubber 
without some preliminary degradation of the hydrocarbon, either accompanying 
solution in a solvent or during milling to produce a thin sheet. The USF rubber 
process’ affords a particularly convenient source of undegraded rubber, which 
has been used in this investigation. 


EXPERIMENTAL 


USF type rubber was prepared by a slight modification of the published pro- 
cedure?. Normal latex, preserved with 0.4% formaldehyde by weight, was 
diluted with distilled water to give a calculated ash content in the final rubber 
equal to that of commercial USF. After adjustment of the pH to 3.8 to 4.0 
with formic acid, the mixture was allowed to cream for 24 hours. The cream 
was separated from the clear serum and spread on glass to give a final film of the 
desired thickness after drying. All the films were less than 0.01 em. thick. 
Films were wrapped in desized glass cloth for oxidation. 

Oxidations were carried out at a constant pressure of one atmosphere of 
oxygen, in a simple apparatus consisting of a large test-tube mounted in a cir- 
culating air oven, The test-tube was connected by capillary glass tubing to a 
reference manometer and a manually operated gas buret maintained at 30°. 
The reference manometers were connected to a reservoir of air at constant 
temperature to eliminate the effect of variations in atmospheric pressure. 
Lumps of barium oxide were mounted in the oxidation cells during an experi- 
ment to absorb evolved water and acid. 

Cells containing the samples were evacuated with a mechanical pump, al- 
lowed to reach the oven temperature, then filled with oxygen preheated to the 
operating temperature. Oxygen consumed was measured with the gas buret 


* Reprinted from the Journal of the American Chemical Society, Vol. 77, No. 20, October 20, 1065 
Part | is on pages 5394-5395; Part I is on pages 53906-5399. 
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by periodic adjustment to the reference pressure. During an experiment 
samples were removed from the oven after the desired amount of oxygen had 
been absorbed and cooled rapidly to room temperature. Intrinsic viscosities 
of the oxidized rubbers were determined in benzene solution. 

Molecular weights were calculated from the relationship between intrinsic 
viscosity and number average molecular weight reported by Carter, Scott and 
Magat’. Use of this relation involves the implicit assumption that the ratio of 
number average to viscosity average molecular weight does not change materi- 
ally during oxidation. 


DISCUSSION 


Results of one experiment are shown in Table I and results of measurements 
at three temperatures in Table II. 

Published estimates of the efficiency of chain scission during oxidation of raw 
Hevea have been based largely on experiments at low temperature, where 
oxidative scission may be expected to be relatively inefficient’. Tobolsky, 
Metz and Mesrobian® have shown that the efficiency of scission should, and 
does, increase as the rate of oxidation increases, as has also been found here. 
The measurements of Tobolsky and coworkers were made with vulcanized 
rubbers; they observed a higher limiting efficiency than was found for raw 
Hevea in this work. When oxidation was carried out at the maximum rate 
at a given temperature, very nearly one scission of the hydrocarbon per mole of 
oxygen absorbed chain was found. 

The only published work which affords a guide for an attempt to formulate 
a reaction scheme which would explain the observed efficiencies is that of Bol- 
land and Hughes‘ on the primary oxidation product of squalene, a low molecular 
weight model for rubber. They have shown that this hydroperoxide contains 
four atoms of oxygen, and suggest that the structure which predominates in 
the product is of the form: 


CH, CH, OH 


O- 4) 


Investigation of the oxidation of rubber in latex’ has given evidence that 
one isoprene unit is destroyed for every chain scission. If it is assumed that 
the Hevea hydroperoxide has the same structure as that found for squalene, a 
plausible reaction sequence may be envisioned, which yields the observed low 
molecular weight products of the scission reaction: carbon dioxide, acetic acid, 


Taste I 
Oxmation or USF Rusper at 130° 


Oxygen 
Time absorbed Mol 
in oven (mmoles / Gel Molen Oxygen 


(min.) 100 (%) Moles scissions 
0 
10 1.06 4 : 5.6 
30 2.50 12.5 
40 3.47 11.3 
48 4.25 10.8 
6S 6.36 12.2 


Mean 10.5 
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CHAIN SCISSION IN OXIDATION 


Tasie II 
Errictency oF CHatin Scission py OxyGen 


(°C) 130 130 140 150 
Motes oxygen _ 114 11.3 6.2 6.3 
Moles scissions 


and formic acid. This scheme requires six moles of oxygen per mole of chain 
scissions, which is close to the amount observed in the present work at the higher 
temperatures. 

If the interpretation of hydrocarbon scission given here and in the following 
paper’ is correct, some alternative or additional mechanism must exist to give 
the high efficiencies observed by Tobolsky, Metz, and Mesrobian. Since the 
reaction of oxygen with the rubber hydrocarbon itself would not be expected to 
be greatly modified by oxidation under low stress, an obvious possibility exists 
that direct attack at the points of cross-linking is important in the vuleanized 
rubber.*® 

SUMMARY 


The efficiency of chain scission of raw Hevea by molecular oxygen increases 
rapidly with increase of temperature to a limiting value of about 6.2 molecules 
of oxygen per bond broken. This value is close to the theoretical for destruc- 
tion of one isoprene unit per bond broken, which leads to the inference that the 
higher efficiencies which have been reported for oxidation of vuleanized rubber 
may be the result of scission at the points of cross-linking. 
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* It has been pointed out that this discussion ignores the effect of possible cross-linking during oxidation 
There is, at present, no published evidence which would permit a satisfactory estimate of the im- 
portance of a cross-linking reaction during the oxidation of Hevea. It is well known that oxidized 
rubber becomes cross-linked in the absence of oxygen and that vuleanizates become resinified on 
severe oxidation, but the nature of these changes is undetermined. Using a disazodicarboxylate as 
the curing agent, Metz and Mesrobian (J. Polymer Sei., 11, 83 (1953)) have determined the change 
in modulus of well characterized simple Hevea vuleanizates when oxidized, both relaxed and under 
stress. As nearly as can be estimated from their data, presented graphically, scission efficiency waa 
the same within experimental error, whether caleulated from etress ccention or modulus change, up 
to about 8 hours (at 80°). At this time the samples had absorbed roughly 100 millimoles of oxygen 
per hundred grams, most of which is involved in reactions other than scission. This is about ten 
times the maximum amount absorbed by the rubber in the experiments reported here. It ia prob- 
able that oxygen-induced cross-linking occurs through secondary reactions which, in Hevea, are 
suppressed at Figh oxygen concentrations, unless so much oxygen has been combined with the rubber 
that substantial changes in the hydrocarbon have occurred. 


II. 
INTRODUCTION 


Establishment of the structure of the product formed from cyclohexene by 
reaction with oxygen! initiated a period of increasingly intensive investigation 
of the interaction of olefins with molecular oxygen, which has now reached the 
stage where it has been described? as ‘‘one of the most thoroughly understood 
chemical processes’. One general reaction scheme, modified in detail to ae- 
count for variations in substrate structure, explains the observed features of 
hydrocarbon autoédxidation in a very satisfactory manner: oxidation of all 
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compounds having the necessary hydrogen adjacent to the (isolated) unsatura- 
tion leads to an a-hydroperoxide as primary product. 

The subsequent fate, on continued oxidation, of the peroxide formed initi- 
ally is less thoroughly understood, except for a few relatively simple compounds 
whose hydroperoxides decompose smoothly by clear reaction paths’. The 
sequence of steps leading to scission of carbon to carbon bonds, of special tech- 
nological importance in the oxidation of rubber, has remained obscure. For 
this hydrocarbon, in fact, the considerable experimental difficulties encountered 
have prevented a direct demonstration of the nature of its initial oxidation 
product, although the work of Bolland‘ with model compounds leaves little 
doubt as to its structure. 

Further progress in the understanding of this reaction now requires a knowl- 
edge of the identity and relative amounts of the products formed when the per- 
oxide decomposes. It has been known for over forty years that volatile pro- 
ducts are associated with the oxidation of rubber®, being evolved from the begin- 
ning of the reaction. Water, carbon dioxide, and formic acid’ have been identi- 
fied among these. In the earliest work, volatile materials were usually dis- 
missed as resulting from minor side reactions or from oxidation of nonrubber 
components, although Dawson and Porritt obtained an estimate of the molecu- 
lar weight of balata, based on the yield of formic acid obtained by oxidizing it, 
which was nearly of the right order of magnitude. More recently, volatile 
compounds have been recognized as real products of the oxidation reaction, 
although they have not been quantitatively correlated with hydrocarbon deg- 
radation: the yields of water and carbon dioxide, for example, were character- 
ized by Farmer and Sundralingam® as “small but not negligible’. 

It has been known for some time that oxidation of latex at low temperature 
results in the formation of acid’. When this was reinvestigated at higher tem- 
peratures to obtain reasonable rates of oxidation, the yields of acid were found 
to be surprisingly high. The results reported here were obtained by further 
study of this phenomenon. 

Although it is possible to measure volatile products of the oxidation of solid 
rubber or of rubber in solution quantitatively, some of the experimental diffi- 
culties can be avoided by carrying out the reaction in latex: the rubber is highly 
concentrated, yet finely dispersed, so that large samples may be used to obtain 
adequate yields of oxidation products, without the intrusion of oxygen diffusion 
effects, and the latex remains stable over a wide range of extents of oxidation so 
that handling the oxidized rubber is not a problem. 

Rigorous purification is not required to obtain reproducible results with 
latex. The rate of oxidation is constant® and much higher than the initial rate 
of oxidation of dry rubber from the same latex. It is apparently determined by 
traces of metals, particularly copper, the rate-controlling step involving transfer 
of metal ions between the two phases. Experiments not ‘reported here have 
shown the efficiency of scission by oxygen and the yields of volatile products are 
not affected by changes in copper concentration. 


EXPERIMENTAL 


The latex used in this work was a commercial creamed latex (United 
States Rubber Co.), preserved with ammonia, which contained 67 to 68.59% 
total solids in the samples used. 

Oxidation experiments were made with a simple apparatus in which reaction 
cells consisting of 200-ml. round-bottom flasks were connected to a reservoir of 
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oxygen at the reaction temperature (90°) and through flexible capillary con- 
nections to mercury manometers at room temperature. The flasks were 
mounted on a “Wrist-Action” shaker (Burrell Technical Supply Co.) oscillating 
at about 240 cycles per minute. Frothing of the latex provides intimate mixing 
of gas and liquid, so that the extremely vigorous agitation required for oxida- 
tion of pure organic liquids’ was not found necessary here. 

Oxidations were carried out at a total pressure of about 1.8 atmospheres, the 
amount of oxygen consumed being calculated from the pressure drop in the 
cells. This arrangement, although capable of less precision than measurements 
at constant pressure, is considerably more convenient experimentally and yields 
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Fig, 1.—Acid and CO; produced as a function of oxygen consumed: acids in meq./100 ¢ 
latex solids, carbon dioxide and oxygen in mmoles /100 g 


rates of oxidation reproducible within less than 5°. The rates observed were 
independent of oxygen pressure over a wide range, and became erratic only 
when substantial changes in the latex had occurred. 

After a sample had absorbed the desired amount of oxygen, it was removed 
from the bath and cooled rapidly to room temperature. Samples of rubber for 
viscosity determination were obtained by drying aliquots at room temperature. 
Further oxidation during the drying process was negligible. Viscosities were 
determined in chloroform solution in Ostwald viscometers and molecular weights 
-salculated from the relation of Carter, Scott and Magat", applying « correction 
for the 10% higher intrinsic viscosity in chloroform 

Total “titratable acids’’ were determined by potentiometric titration of an 
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Tasie I 
anp Carson Dioxipe Propucep 


Oxygen* Final titers 
absorbed pH titer 
0 10.00 11.9 
10.08 11.0 
99 10.12 15.3 
12.0 9.90 16.4 
15.0 9.72 17.2 
19.0 9.67 18.9 
22.0 0.48 20.4 
18.9 
9.40 22.4 
21.5 
9.45 23.9 
9.25 22.4 
9.30 23.9 


9.10 29.8 
— 25.5 
8.90 30.6 


* Oxygen and COs in mmoles/ —¢ latex solids, NaOH and CO; titers in meq./ 
* Samples designated thus from a different lot of latex 


aliquot of the latex with 0.1 N NaOH to pH 11.2. (This is a measure of the 
sum of ammonium ion and bicarbonate.) Carbon dioxide was determined by 
passing a stream of CO--free air through a second aliquot, stabilized with 
Emulphor-ON (General Dyestuff Corporation) and made acid with phosphoric 
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Fie. 2.—Separation of volatile acids: circles, mixture obtained from latex; solid line, known 
mixture of acetic (first peak) and formic acids. 


588 
40.4" 5.62 9.1 
44.7 7.84 13.9 
46.6" 6.47 10.8 
48.1" 5.96 11.0 
60.7 6.59 10.6 
6.0 
60 
z 
540 
al 
z 
20 
fe) 


CHAIN SCISSION IN OXIDATION 589 


acid, collecting it in Ascarite, and weighing. Volatile acid other than CO, was 
determined essentially by the micro-method of Philpott and Sekar", using 
sulfuric acid to coagulate the latex. 

The yields of total titratable acid, carbon dioxide, and volatile acid from a 
series of oxidations are plotted in Figure 1. In order to determine if all titra- 
table acid was accounted for, the amounts of alkali required to titrate the car- 
bon dioxide formed were calculated (Table I) and plotted against the actual 
titer. A line through these points had a slope of 0.75. Since the volatile acid 
is very close to one-fourth the total titer (dashed line of Figure 1), no other acid 
was formed, within the experimental error. 


Taste II 
PropuceED DURING OXIDATION 


Oxygen Volatile Oxygen Volatile 
absorbed acid¢ absorbed acide 
(mmoles / (meq./ (mmoles / (meq 
100 g. TR) 100 g. TS) 100 g. TS) 100 g. TS) 
12.8 1.24 38.4 3.72 
18.8 1.60 43.2 3.95 
21.6 1.96 47.5 4.29 
32.0 3.78 
* Corrected for blank, 0.45 meq./100 g. TS. 


A pooled sample of serum from the aliquots used for determination of vola- 
tile acid was distilled to recover sufficient material for identification. Pre- 
liminary examination of a portion of this on a silica column containing bromo- 
cresol green as indicator” gave no evidence of the presence of acids of higher 
molecular weight than acetic. Elution with 5% n-butanol in chloroform yielded 


two approximately equal fractions, the first of which had the mobility of acetic 
acid. Another portion was then separated quantitatively on a silica column in 
which the fixed phase was 0.5 N sulfuric acid", using 7.5% t-amyl alcohol in 


Taste 
CHAIN ScIssion BY OXYGEN 


Oxygen 
absorbed 
(mmoles / {9} 
(in 
CHCh) 
5.65 
3.94 
3.68 
3.35 
3.22 
2.65 
2.65 


Chain 


scissions 
(mmoles / 


100 
T.8.) 
0 
0.077 
090 
12 
21 
21 


Oxygen 
absorbed 
(mmoles fa] 
(in 
CHCl) 
2.33 
2.22 
1.91 
1.63 
1.39 
0.73 


Chain 
sclasions 
/ 

T.8.) 


chloroform as eluent, and titrating 5-ml. fractions with 0.01 N NaOH. The 


result of this separation is compared in Figure 2 with that of a known mixture 
of 0.8 meq. of acetic acid with 0.5 of formic. From the figure the fraction of 
formic acid in the unknown mixture is 41.5%. When a separate sample was 
oxidized with mercuric chloride’®, the formic acid found was 42.5%. 

The pooled sera used as starting material contained an average of 12 yeq. 
per gram. Assuming that acetic and formic acids are produced in equivalent 
amounts during oxidation, and correcting for acetic acid already present in the 
oxidized latex (1.4 weq. per gram of serum), the calculated fraction of formic 
acid is 44%. 
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RESULTS 

The results of the determination of scission efficiency, total acid, carbon 
dioxide, and other volatile acid as a function of oxygen consumed by the latex 
are given in Tables I through III'* and plotted in part in Figures 1 and 3, with 
appropriate corrections for amounts originally present. The curve for CO, 
does not pass through the origin because some carbon dioxide (about 0.5 meq./ 
100 g. latex solids) is evolved on heating in the absence of oxygen. 
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Fira. 3.— Chain secissions as a function of oxygen absorbed, 
both in mmoles /100 g. latex solids 


Each of these quantities is a linear function of oxygen absorbed within ex- 
perimental error. The slopes of the plots of scissions, CO, and volatile acid 
as a function of oxygen are: scissions/O, = 0.054 mole/mole; CO,/O, = 0.108 
mole/mole;: acid /O, 0.095 eq., mole. 

From these quantities the ratios of acids to scissions may be calculated: 
CO, 'scissions = 2.02 moles/mole; acid/scissions = 1.75 eq./mole. 


DISCUSSION 


Knowing that the volatile acid consists of equal amounts of acetic and 
formic, we have to account for the production of two molecules of carbon diox- 
ide, one of acetic, and one of formic acid for every scission of the hydrocarbon 
chain. This can be accomplished in a reasonably satisfactory manner if it is 


LS 
05 
. 


CHAIN SCISSION IN OXIDATION 591 


assumed that the primary oxidation product of rubber is a cyclie diperoxide 
having the structure indicated by the results of the work of Bolland and 
Hughes‘ with low molecular weight polyisoprenes. (It may be noted here that 
squalene, oxidized under the conditions used in this work, gives yields of total 
acid and of carbon dioxide close to those found for rubber.) 

The initial product I is a tertiary hydroperoxide which is assumed to undergo 
total oxidative destruction following dissociation of the hydroperoxide group: 


CH, OOH 
RCH,C CHCHCH,C(CH,)CHCHLR’ (1) 
b- 4) 
CH, O- + OH 
RCH,C 


CH, CH, 


~CHCHCH,C<O + -CHCH,R’ 


| 
O 
CH, CH, 
! 
RCH,C=CHCHCH;C=O OCHCHR’ 


OH (If) 
HO,CHCH,R’ 


In the absence of any information about the oxidation of compounds of the 
structure (II), we can only speculate on the details of its further oxidation, 
rapid compared with attack on the hydrocarbon itself. Assuming stepwise 
degradation from the terminal methyl ketone, the final products, arranged in 
the same order as the carbon atoms of formula II above, will be 


RCH,CCH, + HCO,H + 2CO, + CH,CO,H + H,O 


The scheme outlined here is consistent with all known features of the reac- 
tion. The postulated end groups on the severed hydrocarbon chains are in 
reasonable agreement with published analyses'’ of highly oxidized Hevea, and 
the known rapid oxidation of aldehydes at the temperature used here'*. The 
yields of volatile materials are in the proportions found by experiment. The 
scheme requires six molecules of oxygen for each scission of the hydrocarbon 
chain, in good agreement with the limiting value found on rapid oxidation of 
dry rubber at high temperatures'®. 

The total amount of oxygen consumed (18.5 moles/mole of scissions) at the 
temperature of these experiments is much larger than that required for the 
scission reaction. Most of the additional oxygen appears in hydroxyl!’ and, 
probably, ether'® groups. It is not clear whether the ratio of oxygen required 
for scission to the total is a measure of the relative amount of hydroperoxide 
having the structure assumed by Bolland and Hughes to predominate, or if this 
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structure decomposes by alternate paths of which only one involves thermal 
scission of the tertiary alkoxy group with consequent scission of the hydrocar- 
bon as a whole. In view of the good agreement between the postulated mech- 
anism and the oxygen requirements at high temperature and of the decreasing 
yield of scission as the temperature is lowered", the second alternative may be 
correct, 


SUMMARY 


(Oxidation of natural rubber in latex yields two molecules of carbon dioxide, 
one of formic acid and one of acetic acid for each rupture of the hydrocarbon 
chain. The yields of these products can be interpreted readily by reference to 
the structure of the primary oxidation products of 1,5-diolefins established by 
Bolland and Hughes.‘ 
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SOME FEATURES OF THE AGING OF VULCANIZED 
RUBBER IN LIGHT * 


Yu. 8. Zuev anv A. 8S. Kuzminsxil 


Scientivic Researcu Inetrrure or THe Russer Invverry, Moscow, USSR 


The action of light on rubber articles is almost always accompanied by a 
rise of their temperature. We may assume also, on the basis of a number of 
literature data, that there is a still more intimate relationship between the proc- 
esses of light and the heat aging of vulcanizates. 

It is known that the rate of purely photochemical reactions depends but 
little on temperature. Such a dependence is noticeable, however, in such cases 
as the following: (1) when photoreactions and thermoreactions develop paralle! 
to, and independently of, one another, their rates being found to be additive; 
(2) when they have a common level of reaction and common intermediate re- 
action products, and also when there exists a reciprocal activation of photo- and 
thermoreactions by one another. In this case, a change of temperature (within 
known limits) should bring about a change of the rate of photochemical reactions 
which is greater than the additive change. This has been confirmed by experi- 
ments on a number of vulcanizates. Thus, for example, there are data to the 
effect that the light aging of a natural-rubber vulcanizate! is sharply accelerated 
by an increase of temperature from 25° to 75-100° C, and the same is true of 
Butyl rubber’. 

We have investigated the heat, light, and heat-light aging of strips, about 
1004 thick, of pure vuleanizates of a typical structure-forming rubber, viz., 
polybutadiene, and of a rubber lacking structure, viz., Butyl rubber. The ex- 
posure of the polybutadiene strips to light was carried out in a constant-tem- 
perature apparatus at 25° and 80° C, with a mereury-quartz lamp PRK-7, 
through pyrex glass and a layer of distilled water. 

The distance from the center of the lamp to the sample was l5em. Fora 
sensitive index of the changes taking place during the aging of the vulcanizates, 
we chose the ratio between the conditional modulus of elasticity of a strip ex- 
posed to light after 30 minutes under stress, and the corresponding modulus of 
an unexposed strip. The Buty! vulcanizate was tested in an apparatus with a 
car on wheels, described previously’. The strips were irradiated at a distance 
of 5em. by a PRK-2 lamp, through pyrex glass and distilled water, while under 
continuous stress. 

We determined the ratio a = E’/Eo between the conditional modulus of 
strips exposed to light 30 minutes after the start of the stress, FE’, and the modu- 
lus of the unexposed strips, Zo. To characterize the influence of added ingredi- 
ents on the light aging of a vulcanizate, we selected the ratio a,/ao, where a, is 
the value of a for strips with the additive, and ag is the value of a for the original 
strips. In the case of the destructurizing Buty! rubber, a value a,/ao > | indi- 
cates a protective action on the part of the additive, while a value a;/a9 < 1 
indicates that it has a sensitizing action. 


* Translated for Runsex Cuemisrry anp Tecunotocy by Maleolm Anderson from Doklady Akademii 
Nauk SSSR, Vol. 90, No. 6, pages 1063-1066 (1953) 
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0 WO man. 
Fie. 1.--The kinetics of the aging of a polybutadiene vuleanizate. /-—-25°, in darkness; 2--80°, in 


darkness; 3-25", exposed to light; 480°, exposed to light. The abscissa represents time in minutes; the 
ordinate the ratio of the moduli, E’/Eo 


It can be seen in Figure 1 that at 25° C in the absence of light exposure, the 
modulus of the strip of polybutadiene vulcanizate remains practically un- 
changed ; at 80° the modulus rises only slowly. When the strips are exposed to 
light, however, heating to 80° causes a disproportionately large increase of the 
rate of the process, in comparison with the light aging at 25°. We also ob- 
served an analogous disproportionately large increase of the rate of aging of an 
irradiated Butyl rubber vulcanizate as its temperature was raised from 25° to 
60° 

The above facts attest to the close relation between the processes of light 
and heat aging of vuleanizates, a relation arising, not only from the conversion 
of light energy into heat energy, but also from the reciprocal activation of these 
processes; hence light-heat aging should be considered as a single process. 

The relative roles of light and heat in the exposure of vuleanizates to light 
depend, not only on the intensity of the light and the temperature, but also on 
the composition of the vuleanizate, with respect to the concentration in it of 
ingredients which show a strong light absorbance. The introduction into the 
vulcanizate of substances which strongly absorb light (carbon black, pigments, 
heat-aging inhibitors) should diminish the relative role of the action of light in 


mun (34) 
A. 
100 200 S00 mun 
Pia. 2. The decrease in the photosensitizing action of PBNA in a polybutadiene vulcanizate with a 
rise of temperature Jand C; 3 and 4—80°; and 3-—-without phenyl-2-naphthylamine; 2 and 4- 


with 0.903% phenyl-2-naphthylamine. The abscissa scales represent the time in minutes, the top seale 
apply ing to curves 3 and 4 and the bottom ones to / and 2; the ordinate represents the ratio of the moduli, 
E'/Es 
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Fie, 3.—The sensitization of a polybutadiene vulcanizate to light with various concentrations of the 
sensitizer, 1— Phenyl-2-naphthylamine after 270 minutes’ light exposure; 2—Aldol-1 naphthylamine after 
210 minutes’ exposure. The abscissa represents the concentration of the sensitizer in gramme per 100 grams 
of rubber; the ordinate the ratio of the moduli, B’/Ee. 


comparison with the action of heat‘; and also a rise of temperature with no 
change of the light intensity should have the same effect. 

In view of the close interrelation between heat and light aging, it was logical 
that various heat-aging inhibitors (antioxidants), as well as several light-filter- 
ing substances, would be adopted as protective agents against heat-light aging. 
I:xperimentation conducted on polybutadiene and Butyl vuleanizates showed 
that a number of excellent heat-aging inhibitors, at ordinary temperatures, also 
sensitized these vuleanizates to ligkt. For example, phenyl-2-naphthylamine, 
dinaphthylamine, and p-hydroxypheny |-2-naphthylamine in a concentration of 
1 gram per 100 grams of the rubber, sensitized both vulcanizates (see Tables | 
and 2); ketamine, aldol-l-naphthylamine, di-te rt-butylhydroquinone, and a 
number of others sensitized the polybutadiene vuleanizate. 

A number of light-filtering materials which absorb strongly in the near- 
ultraviolet region (see Table 1, Nos. 5-9) also turned out to be light-sensitizers 


TABLE 1} 


Tue Kinerics or Cuance ov THe ConprrionaL Mopvunes or Evasricrry or SKB 
BaskD VULCANIZATE DURING IT8 SENSITIZATION TO 


Duration of light « Xposure in minutes 


= 


Sensitizer 210 270 200 340 $70 

Control (no sensitizer) 

Phenyl-2 naphthylamine, 0.9% 

Aldol-1-naphthylamine, 09% 

» Hydroxyphenyl-2-naphthylamine 

*henanthrene, 0.04 

Anthracene, 0.90% 

Anthraquinone, 09% 

Dinitrophenol, 0.9% 

Salol, 09% 

Ketamine, 0.9% 

Di-tert-butylhydroquinone, 1.8% 

Dihydroxydiphenyl 

Mercaptobenzimidazole, 0.0¢ 

Phenyl 2-naphthylamine, 0.9% plus 
Sudan black, 

Pheny!-2-naphthylamine, 0.9% plus 
aldol-1]-naphthylamine, 0.9% 


Sanna 


we 
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TABLE 2 


Tue Evrectr or Various Appitrives (0.99%) on THE 
Licut-AaGino or VULCANIZATE STRIPs 


No. Additive 25° C 60°C 
0 No additive 1 1 
Pheny]-2-naphthylamine 0.65 0.85 
2 Dinaphthylamine 0.43 
3 -H ydroxypheny|-2-naphthylamine 0.8 1.2 
4 *henanthrene 1.0 1.3 
5 Phenylnitromethane 1.0 1.6 
6 Ketamine 1] 1.5 


for the polybutadiene vulcanizate. We have already mentioned the sensitizing 
action of phenyl-2-naphthylamine on polybutadiene, Buty! rubber, a Buty] 
vulcanizate and polyisobutylene’; it is known also that phenyl-2-naphthylamine 
is a light-oxidation sensitizer for natural rubber as well’. 

In the present work, we have investigated in detail the effect of phenyl-2- 
naphthylamine on the light aging of vuleanizates: (a) at various temperatures; 
(b) with various concentrations of pheny]l-2-naphthylamine and (c) when light- 
filtering substances are introduced. 

(a). As Figure 2 shows, phenyl-2- ee in the amount of 1 part by 
weight per 100 parts of the rubber, has at 25° Ca light-sensitizing effect on the 
polybutadiene vulcanizate. When the te ameeams is increased to 80°, this 
sensitizing action decreases with an increase of the relative role of phenyl-2- 
naphthylamine as a heat-aging inhibitor. In the Buty! vulcanizate, phenyl-2- 
naphthylamine behaves analogously (Table 2). An even more pronounced 
temperature effect was noted by us in the light aging of a Buty! vulcanizate 
containing 0.9 per cent of p-hydroxyphenyl-2-naphthylamine. Although at 
25° p-hydroxyphenyl-2-naphthylamine is a sensitizer, at 60° its action as a 
heat-aging inhibitor becomes dominant (Table 2). 

In the case of ae nein phenylnitromethane and ketamine, likewise, 
we find that, at 25° C, these substances exert virtually no influence on the light- 
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Speman obnyvenua 
Fie. 4.—-The kinetics of the aging of carbon-black-loaded v uleanienten of polybutadiene on enpasare to to 
light. and 6-—-Without pheny!-2-naphthylamine ; 4, 4 and 6—with pheny!l-2-naphthylamine; / and 8— 
3 grams of black per 100 grama of rubber; 2 and 4—10 grame of black ; 6 and 6- 60 grams of black. Tem- 


perature—25° C. The abscissa represents the time of exposure in hours; the ordinate the ratio of the 
moduli, B’/Es 
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aging of the Buty! vulcanizate, whereas at 60° they exhibit a protective action 
(Table 2). 

(b). When the concentration of phenyl-2-naphthylamine is increased, its 
sensitizing action passes through a maximum (Figure 3). The subsequent 
drop in this action of phenyl-2-naphthylamine is evidently due to the intense 
light absorption at the surface layer of the vulcanizate by the pheny!-2-naph- 
thylamine itself. Such behavior is typical also of other light-sensitizers*. 
Aldol-l-naphthylamine too behaves analogously to phenyl-2-naphthylamine 
in the polybutadiene vulcanizate (Figure 3). 

(c). The introduction of light-filtering materials, in particular carbon black 
(3-5 per cent or more), sharply shifts the ratio between the light and heat action 
in the direction of the latter, and can directly suppress the sensitizing action of 
the heat-aging inhibitor, and thereby allow its inhibiting action to appear to 
the fullest. In this manner, a light-filter shields from light, not only the rubber 
part of the vulcanizate, but also the sensitizer. 

Figure 4 shows that, in the presence of 3 or more parts of carbon black per 
100 parts of the rubber, phenyl-2-naphthylamine acts only as 4 protector of the 
vulcanizate against light. The dye Sudan black (Table 1) likewise has an effect 
similar to that of carbon black. 

If two heat-aging inhibitors sensitized a vulcanizate to light of different 
wavelengths, then it might happen that each would play the role of protective 
light-filter to the other; i.e., a mixture of two such sensitizers would protect the 
vulcanizate from the action of light. This, apparently, is what takes place 
when phenyl-2-naphthylamine and aldol-l-naphthylamine are used together 
(Table 1). 
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KINETICS OF THE OXIDATION OF RUBBER UNDER 
THE INFLUENCE OF LIGHT * 
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A number of investigators have established that the action of ultraviolet 
light on rubbers in the absence of oxygen causes considerable changes in their 
structure. For example, exposure of films of sodium-butadiene and natural 
rubbers results in a decrease of unsaturation and solubility, and by the evolution 
of gaseous products (hydrogen and methane)', and exposure of rubber solutions 
by a decrease of viscosity at first, followed by gel formation’. It has also been 
established that the simultaneous action of light and oxygen on rubbers causes 
even greater changes’. However, the studies of the light oxidation of rubbers 
are fundamentally qualitative. Systematic data on the kinetic laws of these 
processes are lacking. 

The present study is devoted to the kinetics of the light oxidation of certain 
rubbers. Sodium-butadiene rubber was the principal object of study. Sheets 
of purified rubbers were photooxidized. The specimens were exposed to a 
mereury-quartz lamp PRK-2 at a distance of 25 em. through a light-filter (py- 
rex glass), reflecting rays withA = 2960 A (these rays are not present in the sun- 
light which passes through the atmosphere). The kinetics of photooxidation 
were studied volumetrically in an apparatus described earlier‘. 

The curves of photooxidation of various rubber structures at 60° are shown 
in Figure 1. It is seen from Figure | that the light oxidation of these rubbers 
proceeds at a constant rate. In this figure, the curves of light oxidation (/~—3) 
and heat oxidation (4-@) of sodium-butadiene rubber at 40°, 60° and 70° are 
shown in Figure 2. In this temperature range, photooxidation maintains a 
linear character and ends in 12-14 hours. In this period, heat oxidation can 
not develop into an autocatalytic process. The decrease of unsaturation by 
12 hours reaches 55 per cent in the case of photooxidation, and 6-8 per cent for 
heat oxidation. 

Various experiments were set up to establish the influence of the diffusion of 
oxygen on the rate of oxidation of rubber. 

As is shown in Figure 2, the kinetic curves of oxidation of rubber films 50, 
100 and 200p thick are superimposed. 

The following experiments were also carried out. After the reaction ends 
at the point marked by an arrow in curve / in Figure 2, the oxidized films 50 
and 100g thick were ground to a powder and again subjected to photooxidation. 
No absorption of oxygen was observed. These experiments indicate the ab- 
sence of any obstacles to diffusion during oxidation. 

In order to establish the order of the oxygen reactions the kinetics of light 
oxidation was studied at oxygen pressures of 760 and 200 mm. mercury. It is 
seen from Figure 2 (curve /) that the rate of oxidation does not depend on the 
oxygen concentration, i.e., the reaction has a zero order. 


* Translated for Runnen Curmierry ann from the Doklady Akademii Nauk 8.8.8.R., 
Vol. 90, No. 2, pages 200-212 (1953) 
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4 6 8 12 vee, 

Fig. 1.—Relation between amount of oxygen absorbed by rubber and exposure time. Sheets were 1004 

thick ; oxygen pressure was 760 mm mereury at 60°C. 1—Sodium-butadiene rubber. 2--Natural rubber 

3—-Butyl rubber. The abscissa indicates the hours of exposure; the ordinate the millimoles per mole 


Experiments were carried out for the measurement of the light energy ab- 
sorbed by the rubber during oxidation, and the quantum yield was calculated 
for the absorbed oxygen. The value of the quantum yield was 0.5 and remained 
constant throughout the period of exposure. 

In order to explain the existence of a light after-effect, films 100u thick were 
exposed for 6 hours at 40°, and then the reaction in darkness was investigated. 


M MON 


600 


200 


12 6 % 18 vat 


Fic. 2.—Relation between amount of oxygen absorbed by sodium-butadiene rubber and time. The 
abscissa indicates the hours of exposure; the ordinate the millimoles per mole 

Thickness 100u, temperature 70°, oxygen pressure during exposure 760 mm. mereury 
Thickness 100u, temperature 70°, oxygen pressure during exposure 200 mm. mereury 
Thickness 50, temperature 70°, oxygen pressure during exposure 760 mm. mereury 

1 Thickness 200u, temperature 70°, oxygen pressure during exposure 760 mm. mereury 

2 Thickness 100u, temperature 60°, oxygen pressure during exposure 760 mm. mereury 

3 Thickness 100u, temperature 40°, oxygen pressure during exposure 760 mm. mereury 
4 


Thickness 100u, temperature 70°, oxygen pressure in darkness 760 mm. mereury 
5 Thickness 100g, temperature 60°, oxygen pressure in darkness 760 mm. mereury 
Thickness 100g, 


temperature 40°, oxygen pressure in darkness 760 mm. mereury 


Oxidation was also carried out in darkness without previous exposure. The 
results are presented in Figures 3 (curves / and 2). Figure 3 shows that the 
after-effect of light is negligible, that is, the rate of oxidation after the light is 
shut off (curve 2) is equal to the reaction in darkness (curve /). 

It is necessary to observe that when rubber films are exposed to the entire 
emanation of a PRK-2 lamp, a considerable light after-effect is observed, as is 
shown in Figure 3 (eurve 3). This effeet was observed in another study®. 


M MON MONO 


0 2 . 6 4 10 12 «a 
Fie. Oxygen absorption at 40°C. darkness. Interrupted exposure 
A > 2060 / 3 Interrupted exposure to entire radiation of PRK-2. The abscissa indicates the hours of 
exposure: the ordinate the millimoles per mole, 
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In order to compare the kinetic laws of light and heat oxidation, experi- 
ments were carried out at the same temperatures (40°, 60°, and 70°) in dark- 
ness. The results are shown in Figure 2 (curves 4-@). 

One of the authors demonstrated* that, in the heat oxidation of rubbers in 
the temperature range 80-130°, the rate of the process depends directly on the 
concentration of stable peroxides, since the energy of the reactions is exhausted, 
largely on account of their decomposition. The data obtained by the authors 
for heat oxidation at lower temperatures (40-70°) agree with the laws observed 
at higher temperatures. 


MON MONG 


sof 


40 


Fia. 4.-—Relation bet ween amount of peroxide compounds formed during oxidation of sodium-butadiene 
rubber and time. Thickness of sheets 100u, oxygen pressure 700 mm. mereu 1- During exposure at 
70° ; 2-——-During exposure at 60° ; 3-—During exposure at 40°; 4——In darkness at 70°. The abscissa indicates 
the hours of exposure; the ordinate the millimoles per mole. 


It is seen from a comparison of curves 1-3 of Figure 2 and curves /—3 of 
Figure 4 that a change in the concentration of stable peroxides during photo- 
oxidation has no appreciable effect on the rate of the reaction, which remains 
constant throughout the experiment. 

It was shown in a special series of experiments that the peroxides formed 
during photooxidation of rubber are stable (at 40-70°) and do not decompose 
under the action of light in a high vacuum. 


| 


Amount or OxyGen Actps anp Compounp Esters 
IN Oxipizep RUBBER 


60° C 70°C 


— 


™ 
Oxygen in Oxygen in 
Oxygen in Oxygen acids and Oxygen in Oxygen acids and 

Exposure acide and absorption esters acids and = absorption esters 
time enters (inmole/ (% of ab- esters (mmole/ (% of ab- 
(hre.) (mmole /mole) mole) sorbed Os) (mmole/mole) mole) sorbed On) 


3 j 3. ¢ 136 14.0 
6 ‘ ‘ 300 12.3 
9 ; 465 11.8 
12 j ‘ ‘ 615 11.9 
15 7 4. { 615 15.3 


Consequently, photooxidation develops principally at the expense of photo- 
initiation, and this is a radical difference between it and heat oxidation. 

Since one of the authors* already established that, in the majority of actual 
cases, heat oxidation of rubbers is limited by the acts of initiation, it was inter- 
esting to compare the rate of initiation of heat and light oxidation. A caleula- 
tion made at 70° showed that while for the photo-process We = 2.92 « 10~¢ 
mil./sec. for the thermal process Wy; = 1.5 * 10°* ml./sec., that is, the rate of 
photo-initiation is 5 orders greater than that of heat-initiation. Thus, photo- 
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initiation is very intensive. This difference of the rates of the light and heat 
processes is due to the great difference in the activation energies of light (Ec = 
5-6 keal./mole) and heat (Ey = 21-22 keal./mole) oxidation. 

Analysis of the solid phase of oxidized rubber showed that 10-15 per cent of 
the bound rubber is necessary for the acid and complex ester fraction (see 
Table 1). 


TaBLe 2 
Kinetics oF ACCUMULATION OF VOLATILE BY-Propucts (HCOOH) 


: ee Weight of Oxygen in 
Oxidation Oxidation unoxidized Oxygen Oxygen in volatiles 
— time sheet absorption volatiles (% of ab- 

(hours) (g.) (g.) (g.) sorbed 
40 3 0.2245 0.012 0.0048 40.00 
6 0.2310 0.026 0.0104 40.00 
9 0.2305 0.036 0.0144 40.00 
3 0.2304 0.013 0.0052 40.00 
6 0.2302 0.030 0.0120 40.00 
9 0.2350 0.041 0.0165 40.20 
3 0.2318 0.015 0.0063 42.00 
6 0.2210 0.034 0.0137 40.30 
9 0.2205 0.052 0.0209 40.20 


Forty per cent of the oxygen appeared as volatile byproducts, consisting 
essentially of formic acid. The data are presented in Table 2. Twenty per 
cent of the oxygen was in the form of peroxides. No carbonyl groups or water 
were detected in the reaction products. 

Thus, about 70-75 per cent of the total bound oxygen was present in the 


form of various functional groups. 
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THE DIFFUSION AND SOLUBILITY OF OXYGEN AND 
HYDROGEN IN SODIUM-BUTADIENE RUBBER AT 
VARIOUS STAGES OF ITS OXIDATION * 


L. L. SHANIN 


Dacuesran Section, Acavemy or Sctences, 


We have studied the diffusion and solubility of oxygen and hydrogen in thin 
strips (about 50u and thinner) of sodium-butadiene (polybutadiene) rubber at 
temperatures of 40°, 60°, 80°, and 100° C. The experiments were carried out, 
not only on the unoxidized rubber, but also on strips which had previously been 
oxidized to stages of oxidation corresponding to an absorption of 50, 150, 250, 
350, and 450 millimoles of O, by 54 grams (one mole) of the polymer'. 

In cases where the thickness of strips amounted to about | mm., all the 
authors who have studied the diffusion of gases in elastomers? have declared 
Fick’s law to be correct: 


dQ S-D(e, — c2) S-D-a(py — 


dt l l (1) 


where Q is the quantity of the diffusing gas; S is the area of the strip; D is the 
coefficient of diffusion; c; and c, are the equilibrium concentrations of dissolved 
gas at both its surfaces, the gas pressures on both sides being p,; and pz, respec- 
tively; ¢ is the solubility coefficient of the gas in the rubber; / is the thickness of 
the strip; and ¢ is time. 

In experiments with thin strips of rubber, and especially strips of oxidized 
rubber, we noticed pronounced deviations from Fick’s law’. These deviations 
are evidently kinetic in nature, and are connected with certain boundary resist- 
ances at the rubber-gas surface of separation. For this case, Equation (1) is 
converted to: 


dQ SD(e, C+) (1 2D 7 SDa(p, - ( 2D 
dt kl + l kl + 


where k is the “gaseous penetration of the boundary layer’’—a quantity which 
is the reciprocal of the boundary resistance. The value k may be found by a 
comparison of the rates of the steady flow of the diffusing gas for several differ- 
ent thicknesses of strips (all at just the same stage of rubber oxidation). The 
accuracy of such a determination of k is not very great. Still, it may be con- 
sidered an established fact that the amount of the gaseous penetration of the 
boundary layer decreases with an increase of the degree of oxidation of the rub- 
ber, and increases with a rise of temperature. Table 1 presents the values that 
we obtained for k 

For the measurement of the coefficients of diffusion D and of solubility o of 
hydrogen and oxygen, we employed the following method, evolved by Daynes*. 


* Translated for Runsen Cuemierny ann Tecunotocy by Maleolm Anderson from Doklady Akademi 
Nauk SSSR, Vol. 99, No. 6, pages 1053-1056 (1954) 
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TABLE | 
COEFFICIENT OF GASEOUS PENETRATION OF THE BouNpDARY Layer, ror AND Oy at 
Various SraGes or THE 


Gas penetration of the boundary layer 
cm. / see 
Degree of oxidation Temperature A 
(millimoles O2/mole) Cc) Hy On 


>3* >3 
0.2 0.008 
0.53 0.049 
0.16 
0.24 
350 0.15 


* When k > 3, the quantity 2D/(kl + 2D) in Equation (2) approaches our experimental error in the 
determination of the rate of flow of the diffusing gas, and hence it is impossible to determine k 


A gas is admitted into both parts of a diffusion chamber divided into halves by 
the strip which is being tested, the gas being under pressures of p, and ps, respect- 
ively, in the two parts. Now after a constant rate is achieved, the total amount 
of gas which has been diffused from the beginning of the test equals the con- 
stant rate of diffusion® (given by the slope of the straight portion of the curve of 
Q = f(t)), multiplied by the time ¢ from the start of the experiment minus some 


amount of time lag 7: 


The time lag r (where kl >> 2D) is related to the diffusion coefficient by the 
ratio: 

6D 
where ¢o is the initial uniform concentration of gas in the strip. When kl is 
commensurate with D, Equation (4) is inapplicable. However for this case, 
we have found, there is a numerical relation between 7 and D. It is given by 
the equation 


(1 + 2a)l (A, + A:)eo] 


| | 


Wy 


Vie. 1. 
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where 


- ~ 


] 
Here a = D/kl, 8, is the nt* root of the equation 2 cot B = af — —. 


The relation (5) makes it possible, by the use of the method of successive 
approximations, to calculate D from the value of r also in those cases where, as 


TasBLe 2 


COEFFICIENTS OF Dir¥rUSION AND SOLUBILITY * AND THE ACTIVATION ENERGY OF THE 
Dirrusion or HyproGen anp OxyGen in a Soprum—Buraviene RuBBER 


De 

Bystem : rubber-hydrogen System ; rubber-oxygen 
of absorbed 
by 1 mole D108 eal./ 


of polymer om 4/sec mole ce. Xmm Hg em.*/sec. mole cc. Xmm. He 


0.42 ] 0.092 1.23 


0.92 1.28 
1.87 8100 9800 1.23 


3.28 19 1.27 
0.56 
1.22 
2.34 
4.11 


0.118 
0.31 


0.695 1.36 


1.19 
1.26 


1.42 1.41 
0.26 


0.65 


0.021 
0.058 
0.145 


0.324 1. 


2: 
3 


0).22 
0.50 
0.94 


0.0185 1.19 
0.053 1.09 
0.125 1.18 


0.072 
0.18 
0.43 
0.78 


0.0048) 0.90 
0.016 | 0.93 
0.044 - 0.82 
0.106 0.96 


112 


0.15 0.014 0.74 
0.31 9600 0.040 f 12100, 70 
0.73 J 0.096 0.76 


* The coefficient of solubility is determined from the ratio in Equation (2), for the linear portion of the 
curve of GY = f(t) 


in a set of our experiments, D is commensurate with kl. Figure 1 gives the 
values of A, and A, for values of the parameter D/kl from 0 to 1, as well as the 
~~ in r when D/kl changes from 0 to 1 for the case where c,/c,; = 0.8 and 

= 0. As we see, if we do not take into account the gaseous penetration of 
the boundary layer, the error in the calculation of D from r (for large values of 
D/kl) can be considerable. For the values of k presented in Table 1 for the 
system oxygen-rubber, this error, in strips of the same thickness as ours, amounts 
to 10-15 per cent. 
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The dependence of the diffusion coefficient on temperature in the range 
40-100° C is given by the expression 


De«= Doe (6) 


The values we obtained for the coefficients of diffusion and solubility are 
shown in Table 2. The values for Z£,, the activation energy for the diffusion of 
the respective gases, are also shown there. 

It is interesting to compare the values obtained for sodium-butadiene rub- 
ber, at various stages of its oxidation, with the values derived by Barrer for 
natural rubber at various stages of vulcanization; i.e., for vuleanizates with 
different sulfur contents. 


cm Vem? pr cr 


150 450 
§ 


Fig. 2.—The abscissa representa oxygen absorption in millimoles/mole and sulfur consumption in 
g.-atoms X 1000/mole. The ordinate at left represents D X 10* in aq. em. per second; that at right, 
X in ce./(ee. pressure in mm. mercury) 


Figure 2 gives a graphic presentation of the change of the diffusion coefficient 
D of hydrogen (curve 2) and oxygen (1) in sodium-butadiene rubber at various 
stages of its oxidation (our data) and the diffusion coefficients of nitrogen (3) in 
vulcanizates of natural rubber differing in their sulfur content (temperature, 
80° C)*. It can be seen that as the oxygen content increases, the diffusion co- 
efficients of oxygen and hydrogen decrease (not counting the small increase 
when unoxidized rubber becomes oxidized to the extent of 50 millimoles O,/ 
mole) in a way fully analogous to the way in which the diffusion coefficient in 
natural rubber decreases when the sulfur content increases. 

The solubility of hydrogen (Figure 2, curve 2’) in sodium-butadiene rubber 
during oxidation changes hardly at all, while the solubility of oxygen (Figure 
2, 1’) changes but slightly, which is similar to Barrer’s findings for nitrogen 
solubility (Figure 2, 3’) in natural rubber vuleanizates with various sulfur 
contents. The change of the activation energy EF, of diffusion during the 
oxidation of rubber (see Figure 3, curve 1—oxygen, curve 2—hydrogen) or 
the increase of the sulfur content of the vulcanizate (Figure 3, curve 3), as well 
as the increase of the degree of oxidation of sodium-butadiene rubber (our data: 
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curve |’—oxygen, curve 2’—hydrogen) and with an increase of the sulfur con- 
tent of a natural rubber vulcanizate’ all proceed in exactly the same direction. 
Thus*in spite of the great differences in character between the reaction products 
of the oxygen and sulfur combination reactions, both these reactions change the 
diffusion properties in the system : rubber-gas, in quite similar ways. Evidently 


han 


0, (wmane/mane); (m-ar/mone) 


hia. 3. The abeciasa represents oxygen absorption in millimoles/mole and sulfur consumption in 
g-atome * 1000/mole. The ordinate at left represents the activation energy for diffusion, E;, in calories 
per mole; that at right De in aq. em. per second 


the difference in the’nature of the groups which ‘‘tie’”’ the rubber chains together 
in the course of vulcanization or oxidation, plays only a minor role in the change 
in diffusion properties as a result of such tying. 
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STUDY OF THE THERMAL OXIDATION OF 
BUTADIENE-NITRILE ELASTOMERS* 


A. 8S. Kuzminskil ano E. B. Popova 


Screntivic Researcn Inerirere or THe Moscow, U.S.S.R 


A large number of rubber products used at high temperatures are manu- 
factured from vulcanized butadiene-nitrile elastomers. Although great atten- 
tion has been devoted in recent years to the question of the oxidation of natural 
rubber', there has been no special study of the thermal oxidation of butadiene- 
nitrile elastomers. 

Both butadiene-acrylonitrile elastomers themselves and their vuleanizates 
show various peculiarities of behavior. It is known that, in the presence of 
acrylonitrile, the polymerization of butadiene takes place principally in the 
direction of the formation of 1,4-polymers. It is also known that, in natural 
rubber, polybutadiene, butadiene-styrene copolymers, and other elastomers’, 
the double bonds of the main chains react most readily with oxygen. One 
would, therefore, expect to find an analogy between the behavior on oxidation 
of butadiene-nitrile copolymers and natural rubber, which also has a linear 
structure and contains double bonds in the main molecular chains. 

However, the properties of nitrile rubbers are quite unlike those of natural 
rubber, e.g., vulcanized nitrile rubbers are characterized by their very high heat 
resistance, and their aging is marked by the predominance of structure forma- 
tion, whereas vulcanized natural rubber is destroyed during aging. 

Nitrile rubbers are difficult to plasticize by ordinary methods, and plasticiza- 
tion is possible only by the addition of special substances which activate oxida- 
tion processes. 

The behavior of butadiene-nitrile rubber and its vuleanizates cannot be 
explained on the basis of laws which apply to the oxidation of natural rubber, 
polybutadiene, butadiene-styrene copolymers, ete. This was the reason for 
undertaking the present study. 

Different types of butadiene-nitrile rubbers produced industrially were 
studied, namely: SKN-18, SKN-26, and SKN-40, which contain varying pro- 
portions of acrylonitrile. 

Inhibited oxidation of the rubbers was the principal subject of the study 
This was prompted by the fact that substances such as sulfur, vuleanization 
accelerators, and age resistors, which retard oxidation are always present nor- 
mally in vulcanized rubber. Consequently, the behavior of a vulcanizate in 
service always depends on the course of inhibited oxidation. 

The study of the kinetics of oxidation of butadiene-nitrile rubbers, both 
alone and in the presence of the most widely used oxidation inhibitor, phenyl-2- 
naphthylamine, showed that there is a definite relation between the rate of 
oxidation of such rubbers and their acrylonitrile contents. In the case of free 
oxidation, this relation is observed only at low temperatures (100° and lower) 
(Figure 1). In the presence of phenyl-2-naphthylamine, the rate of oxidation 


* Translated for Rusnen Cuemierny ano Tecuno coor from the Zhurnal Pritladnat Khimil, Vol. 18 
No. 3, pages 311-316 (1955). 
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6 0 2 460 50 60 70 130 


~~Kinetics of combination of oxygen Fig, 2.—Kinetics of combination of oxygen 

oxidation of rubbers. Temperature in the oxidation of rubbers containing 12 milli- 

A of in millimoles per moles per |. of  phenyl-2-naphthylamine. 

double bond hours. 1—S8KN-26, Temperature 100° C. A-——Quantity of Os in 
2 8KN-18, 3—8KN-4 millimoles per double bond. B—Time in 
hours. 1—SKN-18, 2—8KN-26, 3--SKN-40 


throughout the temperature range studied (Figure 2) becomes greatly retarded 
with increase of the acrylontrile content. 

These experiments establish the fact that the oxidation of nitrile rubbers is 
characterized by the elimination of substances which are volatile under the 
experimental conditions. Thus, for example, at 120°, the amount of volatile 
substances comprises about 7 per cent of the weight of the rubber. At the 
same time it was observed that a certain quantity of byproducts soluble in 
alcohol is formed during oxidation (unoxidized butadiene-nitrile rubbers are 
insoluble in aleohol) (Figure 3). Such results indicate that decomposition of 
the rubber molecules takes place during oxidation. 

Structural changes in nitrile rubbers and their vulcanizates during oxidation 
were studied on the basis of the changes in their solubility in chloroform and in 
their mechanical properties (equilibrium moduli and rate of relaxation). 

The results of these experiments are shown in Figures 4, 5, and 6. As is 
seen in these figures, the rate of change of these factors varies with SKN-1S, 
SKN-26, and SKN-40 rubbers. While the changes of solubility, equilibrium 
modulus, and relaxation constant? of vuleanizates of SKN-15 are continuous 
during aging (as in the case of oxidation of polybutadiene), in SKN-26 and 
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Fia. 3.--Kineties of accumulation of by- Fic. 4.—Change of solubility of rubber in 

»rodueta soluble in aleoho!l during oxidation of chloroform in oxidation at 120° A- 

Temperature 100° C. Amount of dissolved fraction 
B—Aging time in hours. 1-—SKN-18, 2— 
SKN-26, 3—SKN-40. 
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Fie. 5.—Change of equilibrium modulus of Fie. 6.—Change of relaxation constant of 
heat vuleanizates during aging. Temperature heat-vuleanizates during aging. Temperature 
120° C. in kg. persq.em. B—Aging 120° C. A-—Change of relaxation constant. 
time in hours. 1!-—Vuleanized SKN-18. 2 B—Aging time in hours. 1-—Vuleanized SKN- 
Vuleanized SKN-26. 3-—-Vuleanized SKN-40 uleanized SKN-26. 3-—Vuleanized 

BKN-40. 


SKN-40, a long oxidation period is observed, during which practically no change 
of the properties of either the raw rubbers or their vulcanizates takes place. 

Investigation of the kinetics of consumption of phenyl-2-naphthylamine 
(Figure 7) showed at least two peculiarities in this process during the oxidation 
of butadiene-nitrile rubbers at 110-130° which are not observed in the oxidation 
of other types of rubber. 

(1) The rate of consumption of phenyl-2-naphthylamine during oxidation 
of all the butadiene-nitrile rubbers studied does not continue at a constant 


value, whereas the rate of consumption of phenyl-2-naphthylamine during 
oxidation of polybutadiene, butadiene-styrene copolymers, and natural rubber 
is constant; practically no consumption of phenyl-2-naphthylamine is observed 
for a long period after the beginning of oxidation of SKN-26 and SKN-40 
rubbers. 

(2) Autocatalytic oxidation commences in the presence of a small quantity 
of unbound phenyl-2-naphthylamine. 


These peculiarities in the behavior of SK N-26 and SK N-40, i.e., the peculiar 
kinetics of consumption of phenyl-2-naphthylamine and retention of the original 
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7.—Kineties of consumption of phenyl- Fig. &--Influence of byproducts of oxida 
2-naphthylamine in the oxidation of rubber tion of BKN-40 extracted with aleohol on the 
Temperature 120° C. A-—Phenyl-2-naphthyl- kinetics of oxidation of polybutadiene. Oxida 
amine in millimoles per |. of rubber - Time tion temperature 120° A--Amount of 
in hours. ABCD-—SKN-26 ABCD’ absorbed in ce. per g. of rubber, B--Time in 
SKN-40, A’EF—SKN-18. A‘b—Polybuta- hours. 1-—-Polytutadiene. 2-— Polybutadiene 
diene. containing products of oxidation of BKN-40 
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properties of the unvulcanized and vulcanized rubbers in the initial stages of 
oxidation, are connected with the formation of substances which can inhibit 
the oxidation of these rubber (Figure &). 

The property of inhibiting oxidation is characteristic of the byproducts of 
oxidation only of nitrile rubbers, and is not observed with other types of rubber; 
hence it is reasonable to ascribe the formation of these substances to the pres- 
ence of acrylonitrile chains in the molecules of these rubbers. Some of the data 
obtained in this study indicate that the nitrile groups of the rubber undergo 
conversion during oxidation. 

Nitriles are very reactive compounds. Their reduction, saponification, 
reactions with aldehydes and organic acids, polymerization, oxidation by per- 
oxides, and absorption of other substances are well known reactions. Peroxides, 
aldehydes, and acids are formed during the oxidation of rubber. Consequently, 
4 reaction between these substances with the nitrile groups of the rubber mole- 
cules is possible. 
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Fia. 9.-— Kinetics of consumption of phenyl- Via. 10.-—Kineties of combination of oxygen 
2-naphthylamine in the oxidation of saponified in the oxidation of polybutadiene in the presence 
SKN-26. Temperature 120°C. A-—Consum- of polyacrylonitrile. Temperature 100° C 
ption of phenyl-2-naphthylamine in millimoles A-—Amount of O2 absorbed in ce. per g. of rub- 
per |, of rubber. in hours ber. B-—Time in hours. 1-—Polybutadiene 

2— Mixture of polybutadiene and polyacryloni- 
trile. 


The conversions which the acrylonitrile chains of the rubber molecules 
undergo during oxidation lead to the formation of a large quantity of various 
substances. 

A study of the conditions of formation and the properties of the products of 
oxidation of butadiene-nitrile rubbers showed that not all the products of 
oxidation soluble in oxygen are capable of inhibiting oxidation. These sub- 
stances are formed during the oxidation, and heating the rubber in nitrogen for 
a long time does not lead to the formation of inhibitors of oxidation. Decom- 
position accompanies formation of inhibitors during oxidation of butadiene- 
nitrile rubbers, and the most rapid decomposition is observed in the initial 
stages of the process. 

Autoinhibition during oxidation of nitrile rubbers is the cause of their great 
heat resistance, and it explains the characteristic peculiarities of their oxidation 
and the changes in their mechanical properties during this process. 

For example, the lack of consumption of phenyl-2-naphthylamine in the 
early stages of oxidation indicates that inhibition here is due to the products of 
oxidation of the rubber itself. In fact, during the oxidation of a saponified 
SKN-26 rubber (which no longer contains nitrile groups), the kinetics of con- 
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sumption of phenyl-2-naphthylamine, as is shown in Figure 9, do not differ 
from the kinetics of consumption during the oxidation of other butadiene 
rubbers. 

In a separate series of experiments, a mixture of polybutadiene and poly- 
acrylonitrile was oxidized; in this mixture the ratio of the butadiene to nitrile 
units was the same as in SKN-26 (Figure 10). During oxidation of this mix- 
ture, no autoinhibition effect was observed, and no inhibitors were formed. 
Furthermore, acrylonitrile is not even involved in a conjugate oxidation process 
with polybutadiene. Consequently, the peculiar behavior of nitrile rubbers is 
due, not only to the presence in the system of butadiene and nitrile chains, but 
also to their distribution in the molecules of the polymer. 


CONCLUSIONS 


1. Processes of destruction and structure formation take place during the 
thermal oxidation of butadiene-nitrile rubbers. These processes take place 
simultaneously, and are the result of absorption of oxygen by the rubber mole- 
cules. The dominant process, which governs the changes in the physical and 
mechanical properties of rubber, is structure formation. 

2. An essential difference between the behavior of vuleanizates of SKN-1IS 
on the one hand, and of SKN-26 and SKN-40 on the other, is shown by heat 
oxidation and aging. Depending on the length of the induction period of oxida- 
tion inhibited by phenyl-2-naphthylamine, the nature of the consumption of 
inhibitor, and the rate of change of the equilibrium modulus, relaxation con- 
stant, and standard physical-mechanical properties during aging, the behavior 
of SKN-1S is practically the same as that of other butadiene polymers contain- 
ing an equal number of double bonds in the main chains of the molecules. 

3. It was established that, during thermal oxidation of butadiene-nitrile 
copolymers, acrylonitrile chains of the rubber molecules undergo conversion, 

4. The formation of a certain quantity of substances soluble in methyl and 
ethyl alcohol during oxidation of nitrile rubbers is revealed, and it is established 
that substances present in these byproducts can inhibit the oxidation of rubber. 

5. The resistance of butadiene-nitrile rubbers to thermal inhibited oxidation 
and aging of vulcanizates, which is greater than that of other butadiene rubbers, 
is explained by the formation from the rubber itself, during oxidation, of sub- 
stances which are, in combination with phenyl-2-naphthylamine, very strong 
inhibitors of the oxidation process. 
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DETERMINATION OF SULFUR IN RUBBER 
VULCANIZATES * 
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The determination of organically bound sulfur in rubber compounds pre- 
sents a problem to the analytical chemist. A rubber vulcanizate may contain 
sulfur that is present in the free state, sulfur that is combined with the rubber 
or in other organic compounds, and sulfur in inorganic compounds. 

The free sulfur can be determined after its removal by extraction. The 
sulfur that is combined with the rubber and other organic material and the 
sulfur contained in the inorganic fillers are usually determined together. A 
separate determination of the sulfur present in the inorganic fillers is then made 
in order to calculate the amount of sulfur that is organically combined. 

Combustion methods are often used to determine sulfur, and the rapidity 
and accuracy of such methods make them suitable for many types of analyses. 
At temperatures of 1350° C and higher, the total sulfur in rubber vulcanizates 
can be determined’. 

The rubber technologist, however, is usually more interested in organic sul- 
fur than in total sulfur. Accordingly, an investigation of the combustion 
method at lower temperatures was undertaken. The compounds used in this 
study were also analyzed by the fusion and by the zine-nitric acid methods 
for comparative purposes, 


EXPERIMENTAL 


A combustion method for the determination of sulfur in rubber may be 
divided into three phases: decomposing the specimen, collecting the evolved 
gases, and determining the amount of sulfur evolved. 

Decomposing the specimen.—A rubber hydrocarbon can be distilled from a 
rubber compound below red heat. Wall, in work on the thermal decomposition 
of rubbers for mass spectrometric investigations, used a temperature of 400° C 
in a high vacuum, because lower temperatures did not completely decompose 
the polymers. In analysis of GR-S carbon black masterbatches*, 550° C is 
used to remove the polymer in determining the ash and the carbon black. At 
550° C, any lithopone used in rubber compounds decomposes slightly with 
evolution of hydrogen sulfide, which leads to high results for sulfur; at tempera- 
tures of 400° C pyrolysis of the rubber always may not be completed during the 
time allowed. Therefore, a temperature of 480° C to 500° C appears to be 
optimum for the purpose of this investigation. The combustion of the rubber 
sample was accomplished by using the two-unit electric organic combustion 
furnace shown in Figure 1. The S-inch unit was placed at the exit end of the 
combustion tube, and was maintained at a temperature of 850° to 900°C. The 
12-inch unit which was placed next to the smaller unit was maintained at a 
temperature of 480° to 500° C. The upper part of each unit was hinged to 
“il Reprinted from Analytical Chemiatry, Vol. 27, No. 10, pages 1606-1609, October 1955. The present 
address of E. W. Zimmerman is the Aluminum Match Plate Corporation, Buffalo, N. Y. 


612 


DETERMINATION OF SULFUR IN VULCANIZATES 613 


facilitate installing the combustion tube and the thermocouples. An unglazed 
porcelain McDanel combustion tube, 30 inches long, 1}-inch outside diameter, 
l-inch inside diameter, with a standard tapered tip and equipped with a sample 
inserter was found to be very satisfactory. 

To obtain a clean decomposition, it was necessary to adjust the specimen 
size to a minimum compatible with the precision desired, to control the rate of 
decomposition of the specimen to avoid minor explosions, and to use sufficient 
oxygen to burn completely the volatilized organic material to avoid having soot 
enter the absorber. The specimens contained approximately 0.15 gram of 
hydrocarbon; and since the compounds contained about 65 per cent hydro- 
carbon by weight, 0.25-gram specimens were used throughout this work. 

A specimen of ground rubber vulcanizate was accurately weighed, trans- 
ferred toa 10 X 75 mm. test-tube, and tapped into the bottom with a glass rod. 
The test-tube was laid in a porcelain combustion boat, which was placed in the 
cool portion of the combustion tube with the open end of the test-tube facing 
the outlet end of the combustion tube. The sample injector was inserted into 
the large end of the combustion tube, the oxygen flow was adjusted to 1100 ce. 
per minute, and the combustion boat was pushed into the center of the 12-inch 


Fie. 1 Assembly of apparatus for combustion method. 


unit, which was maintained at about 500° C. The dense vapors that accom- 
panied the intial decomposition of the specimen displaced the oxygen around 
the specimen and burned at the mouth of the test-tube. Thus, the rubber was 
permitted to decompose in an oxygen-poor atmosphere without a localized 
temperature rise. 

Collecting the evolved gases.—Since the distillation of the rubber hydrocarbon 
occurred at a relatively low temperature, the gases were passed through a high- 
temperature zone to ensure complete combustion. This was accomplished 
with the S-inch furnace unit maintained at about 900° C. A close-fitting 
porous ceramic plug may be used in the high temperature zone to filter the gas 
or to present more surface to facilitate oxidation, but is not essential. 

Since sulfur trioxide was present in the evolved gases, the exit end of the 
combustion tube was maintained at a temperature of at least 200° C as sug- 
gested by Hale and Muehlberg*. This was accomplished by placing the tube 
so that the outlet tip was about 2 inches from the edge of the hot zone. A 
Transite baffle with a hole just large enough to admit the thick portion of the 
tip was mounted on the end of the furnace to reduce the heat loss in the furnace 
and protect the operator from the heat while manipulating the absorber, 

A Hale-Muehlberg absorber, lubricated with heavy silicone grease, was con- 
nected to the McDanel combustion tube by means of a standard taper joint. 
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The absorber was charged with a solution prepared just prior to use by mixing 
4 ml. of 5 per cent hydrogen peroxide solution, 18 ml. of 10 per cent sodium 
chloride solution (to prevent foaming during combustion), and 18 ml. of dis- 
tilled water. The 5 per cent hydrogen peroxide solution was prepared by dilut- 
ing 30 per cent ACS grade hydrogen peroxide that did not contain a stabilizer. 
This type of absorber, or even a battery of them, did not collect completely the 
sulfur trioxide, which was seen passing through in the form of a fog. This loss 
amounted to about 4 per cent of the evolved sulfur. However, when a glass 
tube containing a filter of dry glass wool was attached to the outlet end of the 
tower, this vapor was quantitatively collected. Approximately 10 grams of 
ordinary glass wool, previously leached in a warm 0.5 per cent hydrochloric 
acid solution and washed with distilled water until the washings were neutral to 
methyl red, was used to pack the filter tube. The exit end of the filter tube was 
fitted with a rubber stopper containing a short length of glass tubing to provide 
a connection to the drying columns and flow meter. 


I 
COMPOSITION OF COMPOUNDS 
Batch designation 1 


Original mixes, parts by weight 
Pale crepe 100 
Sulfur 0.625 
Tetramethy!thiuram disulfide 0.3 
Pheny]l-2-naphthylamine 
Diphenylguanidine 
Lead oxide 
Zine oxide 5 
Fillers added* nO f 50 
Total (parts by weight) 156.925 165.13 159.17 
Free sulfur added (7) 0.50 2.50 
Cure: Time (min.) 30 30 
Temp. (° ©) 140 150 


@ Filler identity Compound designation 


Carbon black 
Caleium carbonate 
Barium carbonate 
Lithopone 


* Includes 0.16 gram of sulfur from organic accelerator 


Determining the amount of sulfur evolved.—After 10 minutes the oxygen flow 
was shut off, the boat was removed from the combustion tube, and the two ab- 
sorbers were disconnected, The solution used to absorbe the gases was quanti- 
tatively removed from the tower and glass tubing, and particular attention was 
paid to thorough rinsing of the fritted disk and the inside surface of the con- 
necting tubes. The glass wool filter was rinsed by mounting the glass tube on a 
small suction flask and washing it with 125 ml. of distilled water while using 
gentle suction. This was combined with the solution already collected in a 
400 ml. beaker, four drops of methyl red indicator were added, and the solution 
was titrated with standardized 0.02N sodium hydroxide. The filter tube was 
prepared for the next run by rinsing with acetone and drying with com- 
pressed air. 

RUBBER COMPOUNDS 


Four rubber batches were carefully prepared on a parts per weight basis to 
represent the various types of mixes and concentrations of sulfur indicated in 
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Table Il. Each of these batches was divided into four groups, and to each group 
was added one of the four selected fillers. The fillers included carbon black 
(Thermax), calcium carbonate (Whiting), barium carbonate, and lithopone. 
The 16 rubber compounds, whose designations are listed in Table I, were 
analyzed for sulfur by the fusion method and the zine-nitrie acid method de- 
scribed in ASTM Standards on Rubber Products* and the Federal Test Method 
Standard*. They were also analyzed by the combustion method described 
herein. The residues remaining after the combustion of the compounds in 


Tassie Il 

Sutrun DererRMINED BY ComBUSTION Meruop 
No. of Y, Sulfur Standard 
Compound detn. (av.) deviation 
4 0.39 0.033 
1.67 0.037 
4.49 0.078 
6.35 0.036 


0.30 0.031 
0.029 
0.062 
0.146 


0.038 
0.052 
0.047 
0.021 
0.125 
0.089 
0.085 
6 0.139 


groups A, B, and D were analyzed for sulfur by oxidation with a bromine-nitric 
acid solution and precipitation as barium sulfate. Those of group C were 
analyzed by the fusion method since the wet oxidation procedure is inoperative 
in the presence of barium carbonate. 


RESULTS BY COMBUSTION METHOD 


Table II gives the average values for the sulfur evolved during combustion 
from each of the 16 compounds and also the standard deviations for the indi- 
vidual determinations. An analysis of these standard deviations indicates the 
existence of two levels of precision. Determinations made on samples of 
groups A, B, and C, which when compounded contained no inorganic sulfur, 
gave a standard deviation of the order of 0.04 per cent sulfur. Determinations 
made on samples of group D, which contained lithopone, gave a standard devia- 
tion of approximately 0.11 per cent sulfur. Thus, the presence of lithopone 
appears to cause somewhat poorer reproducibility of results by this method of 
analysis. 

A study of the amounts of sulfur found by combustion, as listed in Table II, 
reveals systematic differences in evolved sulfur in the presence of different types 
of inorganic fillers. The lowest values of evolved sulfur are obtained in samples 
containing barium carbonate, group C. The values for the samples containing 
calcium carbonate (B), carbon black (A), and lithopone (D), exceeded those 
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found for the samples containing barium carbonate, on the average, by 0.18, 
0.32, and 0.47 per cent, respectively. These differences in evolved sulfur are not 
appreciably influenced by the amount of added free sulfur. 

Except for two of the compounds containing lithopone, the evolved sulfur 
is less than the added free sulfur. This fact, together with the observed differ- 
ences in evolved sulfur for different fillers, can be interpreted in terms of varying 
degrees of combination of the added sulfur, exclusive of added inorganic sulfur, 
with the filler. Further evidence regarding this point is obtained from the 
study of the interaction between sulfur and fillers during combustion. 


INTERACTION BETWEEN SULFUR AND FILLERS 


Specimens from each of the rubber compounds were dissolved in hot o-di- 
chlorobenzene*, and the remaining inorganic residues were analyzed for total 
sulfur by the fusion method. Thus, the amount of inorganic sulfur formed 
during vulcanization was determined. Also the residues from the combustion 
of each vulcanizate were analyzed for sulfur by a wet oxidation procedure, ex- 


Tasie III 
INTERACTION BETWEEN SULFUR AND FILLERS DURING COMBUSTION 


Inorganic sulfur added in Sulfur found in 
compounding samples (%) residue (%) 


Compound Sulfide Sulfate Total Ie If 
1A 0 0 0.00 0.16 
2A 0 0 0.69 0.60 
3A 0 0 001 0.02 
4A 0 0 0.03 0.07 


1B 0 0 0.02 0.36 
2B 0 0 0.03 1.02 
3B 0 0 0.01 0.12 
iB 0 0 0.02 0.14 


Ww 0 0 0.01 0.29 
0 0 0 0 0.62 1.13 
0 0 0 0.01 
Ted 0 0 0 0.04 0.73 


1D 3.10 3.05 6.15 6.15 2.92 
2.04 2.00 6.50 3.18 
3D 3.05 3.01 6.06 6.15 2.84 
4D 3.01 2.96 5.97 5.96 2.72 
* Total sulfur determined in residue remaining after dissolving vuleanized rubber in o-dichlorobenzene 


* Sulfide sulfur in nonvolatile residue remaining from the combustion analysis. For group C, inorganic 
sulfur was determined by the fusion method 


cept in group C, where the fusion method was used. By comparing these two 
sets of values one can evaluate the degree of interaction between sulfur and 
fillers during combustion. These data are listed in Table III. 

Examination of the values in column I leads to the conclusion that, except in 
compounds containing lead oxide, very little sulfur combines during vuleaniza- 
tion as inorganic sulfur. For compounds in batch 1, which were compounded 
with only 0.5 per cent of free sulfur, the formation of zine sulfide during vul- 
canization did not occur to any appreciable extent. On the other hand, a 
comparison of the values in columns I and II indicates that sulfur combines to 
an appreciable extent during combustion with zinc, lead, calcium, and barium 
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compounds present in the vulcanizate. The largest amount of combination 
with the filler takes place in those samples containing lead oxide. When 
barium carbonate is present a moderate amount of combination takes place. 
The least combination occurs in samples which contain only carbon black, 
compounds 3A and 4A. 

For compounds 1D, 3D, and 4D, which contain sulfide from the added litho- 
pone, less sulfide is recovered after combustion than was present initially. The 
results for sulfur determined by the combustion method and listed in Table II 


Tasie IV 


CoMPARISON OF VALUES FoR SuLFuR Founp sy 
ANALYTICAL PROCEDURES 


Sulfur found (%) 
Com bus- 
Sulfur added (%) Zn + tion Com bus- 
Com- An Fusion HNO; method tion 
pound Sulfide Sulfate Total method method + residue method 


0 0 0.50 0.44 0.47 0.55 0.39 

0 2.50 2.53 2.36 2.27 1.67 

4.50 4.49 4.45 4.51 4.49 

6.50 6.50 6.41 6.39 6.42 6.35 


0.50 0.50 0.46 0.48 0.60 0.30 
2.50 2.50 2.4: 2.26 1.52 
6.50 6.50 6.36 6.19 


2.50 2.50 5f 0.01 
4.50 4.50 ‘ 
6.50 6.50 


0.50 0.50 4 0.01 56 0.2 
4 

4.1 

5.7 


0.50 3.10 3. 6.65 5.66 ‘ 3./ 0.56 
2.50 2.94 8.34 3 5.3 1.99 
4.50 3.05 3. 10.56 ! f ‘ 154 
6.50 3.01 12.47 6.39 


show that these three samples evolved more sulfur than the corresponding 
samples of groups A, B, and C. Compounds 1D and 3D were the only two that 
evolved more sulfur than was originally added in the form of free and organic 
sulfur. These results indicate that inorganic sulfides liberate some sulfur 
during the combustion. 

Compound 2D differs from the other members of group D in that more 
sulfide sulfur is found in the residue from combustion than was added in pre- 
paring the sample. Apparently the sulfur that combines with the lead more 
than compensates for that evolved from the lithopone. 


COMPARISON OF METHODS 


Table IV lists the sulfur added in compounding each sample and the amount 
of sulfur found by the three methods included in this study. 

Specimens from each rubber compound were analyzed by the fusion method 
to determine the total sulfur present; by the zinc-nitric acid method to obtain 
a combined value for the free, organically bound, and sulfide sulfur; and by the 
combustion method to determine the sulfur evolved during combustion. In 
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the column headed Combustion method and residue, the results in Table II and 
those in column II of Table III have been combined. 

In interpreting this table the following points should be borne in mind. 
For the compounds of groups A and B, which contained no barium, the values 
obtained by the fusion method, zine-nitric acid method, and combustion plus 
residue procedure can be compared with the total amount of sulfur added. In 
the zine-nitric acid method, the presence of barium carbonate leads to low and 
erroneous results as the barium sulfate formed during the oxidation phase of the 
analysis is not determined. The results of group C can be explained on this 
basis. For the compounds of this group, a comparison of the combustion plus 
residue values and those obtained by the fusion method can be made with the 
total amount of sulfur added, since no sulfate was added in preparing these 
samples. For the compounds of group D, both the zine-nitric acid method 
and the combustion plus residue procedure determine all but the sulfate sulfur. 

An analysis of the data shows that the fusion method is free of systematic 
errors and that its reproducibility is reflected by a standard deviation of 0.1 
per cent sulfur. The zine-nitric acid method, where applicable, tends to give 
results that are low, on the average, by 0.09 per cent sulfur. Its reproducibility 
is characterized by a standard deviation of 0.1 per cent sulfur, which is com- 
parable to that of the fusion method. The values obtained by the combustion 
plus residue procedure appear to be free of systematic errors for the compounds 
of groups A, B,and C. For compounds of group D this procedure yields values 
which are consistently low (on the average, by 0.23 per cent sulfur), when 
compared to the sulfur added, exclusive of sulfate sulfur. 

The values listed in the last column represent the sulfur evolved during com- 
bustion. Column II in Table III lists the inorganic sulfur formed during the 
course of the combustion. For the compounds of groups B, C, and D, where 
reaction takes place with the filler during combustion, the combustion method is 
only semiquantitative. Among the compounds of group A, samples 3A and 
1A contained only carbon black as a filler, and satisfactory results were obtained 
by the combustion method for these samples. For samples 1A, and 2A, which 
contained zine oxide and lead oxide, respectively, the combustion method 
yielded low results. 

In conclusion, a value representative of the organically bound sulfur can be 
obtained by the combustion method for extracted samples that contain only 
carbon black as a filler and when zine oxide and lead oxide are both absent. 
For the other samples, a combination of extraction, a total sulfur method and 
the o-dichlorobenzene solution procedure®, appears to be required for determin- 
ing organic sulfur reliably. 


SUMMARY 


A combustion method for rubber which determines the sulfur evolved at 
180° to 500° C is compared with the fusion and the zine-nitric acid methods. 
In the combustion method an interaction occurs between sulfur and fillers 
present in the rubber. The effeet of particular fillers with respect to this 
interaction is discussed. A value representative of the organically bound 
sulfur in an extracted specimen can be obtained by the combustion method when 
no reaction takes place between the sulfur and the fillers during combustion. 
The fusion method yields results in good agreement with the total sulfur added 
in compounding the rubber samples. Except in the presence of barium com- 
pounds, the zine-nitric acid method likewise determines total sulfur. When 
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barium compounds are present, barium sulfate is formed during the oxidation, 
and low values are obtained for the total sulfur. 
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ABSORPTIOMETRIC MICRODETERMINATION OF 
TOTAL SULFUR IN RUBBER PRODUCTS * 


K. E. Kress 


Puvetca, Reseancn Division, Tue Finesrone Tine & Russer Co., 
Axnon, Ont0 


The literature contains numerous references to determination of total sulfur 
in rubber products as barium sulfate by gravimetric, volumetric, turbidimetric, 
or nephelometric methods. The latter methods were developed in the course 
of a search for a more rapid procedure than that afforded by standard gravi- 
metric methods. 

Recently an amperometric titration has been applied for the indirect semi- 
microdetermination of sulfur in organic compounds after precipitation as lead 
sulfate’. However, digestion of the sample in a sealed Carius tube has serious 
disadvantages for routine control of sulfur in rubber products, and the range of 
sulfur concentration (about | to 6 mg. of sulfur) recommended requires rubber 
samples of above 50 mg. 

A new combustion apparatus for automatic determination of sulfur in steel 
has been applied successfully to rubber?, but the cost of this single-purpose in- 
strument precludes its use in most rubber laboratories. 

Perchloric acid has been used to speed up oxidation of rubber products dur- 
ing determination of sulfur’. Published methods have all been for work on a 
macro-scale, where the possible explosion hazard has retarded general accept- 
ance of this strong oxidant in routine analysis of rubber. Even with the more 
rapid oxidation provided by perchloric acid, the conventional gravimetric 
barium sulfate procedure is used to precipitate the sulfur. This limits the speed 
of analysis. 

A very sensitive absorptiometric method for determining lead‘ depends on 
the strong selective ultraviolet light absorbance near 270 my of the lead chloride 
complex formed in strong hydrochloric acid solutions. 

A rapid oxidation with nitric and perchloric acids on a safe micro-scale has 
been developed and is reported here. Sulfur is insolubilized and precipitated 
as lead sulfate with acetone. Absorptiometric measurement of lead as the lead 
chloride complex in 50 per cent hydrochloric acid provides data for calculating 
sulfur concentration. 


EQUIPMENT, REAGENTS, AND PROCEDURE 


Equipment.—Sample test-tubes, such as 15 * 100 mm. lipless culture tubes, 
of 12- to 15-ml. volume. 

Capillary-tipped pipet connected to a water pump vacuum source. It may 
he made by drawing out the lower end of a standard pipet over a hot flame until 
it is of capillary size, with thin walls and an internal bore of 1 to 2 mm. 

Standard high-speed semimicrocentrifuge capable of holding sample tubes. 

Finger stall of pure gum rubber, or a finger from a rubber glove, extracted 
with a solution of 5% hydrochloric acid in acetone. 


® Reprinted from Analytical Chemistry, Vol. 27, No. 10, pages 1618-1624, October 1955. 
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Beckman DU quartz ultraviolet spectrophotometer with ultraviolet ac- 
cessories, or 4 similar instrument. 

Roller-Smith microbalance, torsion type, of 25-mg. capacity with V-shaped 
pan, or similar balance weighing to 0.01 mg. 

Reagents.—Concentrated Nitric Acid-Bromine. Add reagent grade bro- 
mine to concentrated reagent grade nitric acid, in an all-glass dropper bottle 
with clean rubber or Tygon bulb. Have a layer of excess bromine on the bot- 
tom at all times. 

Perchloric Acid, 70 to 72% reagent grade used as received. It is conveni- 
ently stored in an all-glass dropper bottle with either rubber or Tygon bulb. 
Store away from heat and handle only a small volume at a time, keeping the 
main part of the reagent in the original bottle in the storeroom. A 1l-pound 
bottle is sufficient for over 2000 analyses. 

Acetone, reagent grade. This must be redistilled if a brown residue is 
present after evaporation of the acetone following the precipitation and washing 
step. 

Hydrochloric Acid, 50% by volume. A convenient method of preparation 
is to mix equal volumes of concentrated hydrochloric acid (35 to 38% reagent, 
specific gravity 1.1778 to 1.1923 range) and distilled water, using the same 
volumetric flask to measure the acid and water. 

Lead Nitrate, 10%. Dissolve 10.0 grams of lead nitrate in water and dilute 
to 100 ml. 

Calibration.—The average specific absorbance or K value (also termed 
absorptivity) of lead at 270 my is 54.0. The exact figure should be determined 
for each instrument for greatest accuracy. 

Prepare a stock solution containing 1000 p.p.m. of lead by dissolving 0.160 
gram of reagent grade lead nitrate in distilled water in a 100-ml. volumetric 
flask and diluting to volume. Pipet 10.0 ml. into a second 100-ml. volumetric 
flask and dilute to volume for a 100 p.p.m. lead standard. Use a 50-ml. buret 
to deliver different volumes between 0.5 and 8.0 ml. of the 100 p.p.m. standard 
into a clean glass Erlenmeyer flask. With a second 50-ml. buret, add enough 
distilled water to make exactly 10.0-ml. total volume of lead solution. Pipet 
10.0 ml. of concentrated hydrochloric acid reagent into the flask. Shake well 
and measure absorbance of the 50% hydrochloric acid solution at 270 my in 
1.00-cm. quartz sample cells. Calculate Ap» as follows: 


A 


be 


= 


where A is instrument absorbance at 270 my 


b is internal cell thickness, and is neglected as long as it is 1.00 + 0.005 
em. 

c is concentration of lead in grams per liter at the dilution for which 
absorbance is measured—e.g., 100 p.p.m. ¥ 4 ml./20 ml. = 20 
p.p.m. or 0.020 gram per liter 


The K value to be used is the average of the data over the range of linear 
instrument absorbance (usually considered 0.1 to 1.8 A). 

Procedure.—Weigh 1 to 3 mg. of well milled representative sample. Sheet 
as thin as possible and weigh to 0.01 mg. on a suitable microbalance. Check the 
zero point of the balance carefully before and after any series of weighings. 
Brush the sample directly into the labeled sample tube, add 0.25 ml. of 10% 
lead nitrate solution from a 10-ml. buret, then add about | ml. of prepared con- 


‘a 
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centrated nitric acid-bromine reagent and 3 drops (1 ml.) of 70% perchloric 
acid reagent. Do not add bumping stones of any kind. 

Place « 3-inch square of sheet asbestos, about yy inch thick, on a hot plate 
at 300° to 320° C under a well ventilated hood. Immediately place a 150-ml. 
beaker containing as many as six sample tubes on the asbestos, and heat until 
completely oxidized (about 30 to 60 minutes). When the perchloric acid solu- 
tion is essentially colorless and no particles of unoxidized sample are present on 
the walls of the tube (a trace of carbon black may be ignored), remove the 
beaker from the asbestos and place it directly on a bare hot plate at 300° to 
320° © for about 10 minutes. The tube should fume copiously and the liquid 
condensation level should rise at least to within 0.5 inch of the top of the tube 
to be sure all lead nitrate is converted to lead perchlorate. Do not allow to dry; 
if this occurs, the sample may be recovered by fuming again with 2 drops of 
perchloric acid. As long as the residue is wet with liquid acid on cooling, no 
heat decomposition of lead perchlorate present should result. Lead perchlorate 
will decompose to form some acetone-insoluble lead chloride, if heated exces- 
sively in the absence of free perchloric acid. 

Remove the beaker and tubes from the hot plate and place on a cool surface. 
If desired, accelerate cooling with a blast of compressed air. When tubes are at 
room temperature and cold to the touch (acetone poured into hot perchloric 
acid may result in a dangerous explosion), rapidly pour about 10 ml, of acetone 
reagent into all tubes in the beaker. Cover the index finger with a finger stall 
and stopper each tube. Shake just enough to mix acetone and acid residue. 
Lead sulfate will be present as a turbid suspension, but if only a trace of sulfur is 
present-—e.g., 0.1°7-—this turbidity may not always be apparent. Always wipe 
the finger stall on edge of sample tube to minimize possible loss of a trace of 
sulfur. 

Fill a 150-ml. beaker about two thirds full with hot water at 50° to 60° C, 
but not so hot that the acetone boils. Immediately immerse as many as 
six sample tubes in this water bath and let the beaker stand at room temperature 
for 10 to 15 minutes. Remove tubes from bath, and centrifuge in a semimicro- 
centrifuge for 1 to 2 minutes. Remove from centrifuge. With a capillary- 
tipped pipet connected by rubber tubing to a water pump vacuum draining 
down a sink, withdraw all but about 0.3 to 0.5 ml. of acetone from each tube. 
Always hold the tube in a vertical position, and lower the pipet tip in the center 
of the tube. Be careful not to jar the tube when removing it from the centri- 
fuge. Wash the precipitated lead sulfate twice more with about 10 ml. of 
acetone, centrifuging | to 2 minutes each time. Three of these small tubes may 
conveniently be handled at the same time during the washing operation when 
acetone is drawn off and added. 

After removal of the third addition of acetone, add 2 drops of water to each 
tube and place the beaker with tubes on the 300° C hot plate to evaporate to 
dryness. Reduce the temperature if bumping occurs, but complete drying at 
high temperature for 5 to 10 minutes. Acetone absorbs in the ultraviolet and 
must be removed completely. When dry, remove from the hot plate, and cool 
in an air blast. The residue should be white at this point. If any trace of 
brown coloration is apparent, heat the tubes with the beaker at 550° C for 15 
minutes until the residue is white. Then proceed as usual. 

When tubes are cool, carefully pipet 10.0 ml. of exactly 50% hydrochloric 
acid reagent into the sample tubes. With a finger stall over the finger to act 
as a stopper, shake the tubes a few seconds until all the lead sulfate is in solution. 
Inspect the bottom of the tube for undissolved material. If there is difficulty 
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in dissolving the precipitate (or if white side-wall stock with acid-insoluble 
titanium dioxide is being analyzed), add a few small silicon carbide bumping 
stones and shake vigorously. In the case of white side-wal! stock, or other 
material where acid-insoluble matter is present, centrifuge the sample to throw 
down the acid-insoluble material. 

Sometime during this solution operation, place the Beckman DU spectro- 
photometer in operation with the hydrogen tube. An instrument slit width of 
about 1.1 mm. with sensitivity set near the middle of its range has proved satis- 
factory. Rinse a 1.00 + 0.005-em. quartz sample cell twice with about 2 ml., 
and finally pour in 3 to 4 ml. of the sample solution. Record absorbance at 
270.0 my against a 50% hydrochloric acid blank. If absorbance is above 1.80, 
pour the contents of the cell into a 10-ml. glass-stoppered graduated cylinder 
and dilute to twice its volume accurately with 50°), acid (a 1:1 dilution). 

Calculate the per cent sulfur in the sample as follows, with a speetrophotom- 
eter cell thickness of 1.00 em. A reagent blank normally amounts to about 
0.010 absorbance or less, which is about 0.01 to 0.02°% sulfur. Therefore, the 
experienced analyst may neglect the reagent blank, except for the most exacting 
work. 

(32.07) 
AX=— 
_Pb(207 2) A X 0.155 100 
Xe (mg./ml.) 54.0 & (wt. mg./10 ml. acid) 


x 


sulfur = 


For 10.0 ml. of acid this reduces to 


(2.87 A 210m 
% sulfur = —— 
mg. of sample 
If 1:1 volume dilution is necessary (20-m!. volume), the factor is doubled 
and is 5.74. 
EXPERIMENTAL WORK 


Evaluation of the procedure for sample preparation used for semimicro- 
amperometric titration® proved that the amount of residual nitric acid was a 
critical point in working on a microscale with low-sulfur compounds. <A 
significant amount of lead sulfate is dissolved by the residual nitric acid. 

Use of potassium chlorate on a micro-scale, following the conventional 
ASTM macro-method®, oxidized the sample completely in 5 to 10 minutes. 
However, it proved too unreliable for routine analysis, since excess lead nitrate, 
excess acid, degree of dryness of residue, and washing technique were critical. 

Use of perchloric acid was investigated as a final resort. Even this gave 
erratic results until the precipitation technique with an organic solvent was 
developed. This proved the answer to the recovery problem. 

High and erratic results may be obtained if fuming sulfuric acid is near 
when the sulfur is being determined. 

Oxidation.—The oxidation is carried out in the presence of excess lead ni- 
trate. Normally about 10 mg. is sufficient for up to 5 mg. of rubber stocks, but 
about 25 mg. is added to ensure complete precipitation of sulfur as lead sulfate 
for diverse materials. It is convenient to add the lead nitrate from solution; 
the consistent amount added in this manner tends to result in more accurate 
data and to give a more reproducible blank 

Oxidation of natural rubber with fuming nitric acid is almost instantaneous 
and violent, and may lead to loss of sulfur. Consequently, the more slowly 
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acting concentrated acid is used for all elastomers and other materials. Though 
concentrated nitric acid will not decompose Butyl stocks, this elastomer and 
similar hard-to-oxidize materials are oxidized completely when the high boiling 
(200° C) perchloric acid content increases as the nitric acid evaporates. As 
long a8 analyses are carried out on a micro-seale, this is a safe practice, but 
larger samples of Butyl polymer, e.g., 100 mg., may oxidize with explosive 
violence, once perchlorie acid becomes concentrated by evaporation, unless 
fuming nitric acid is first used to decompose the polymer. Perchlorice acid 
should never be used indiscriminately for oxidation purposes. 

The heavy bromine gas retains and oxidizes volatile sulfur compounds 
formed in the initial stages of oxidation. Though it has been said that iodic 
acid is superior to bromine for this purpose’, the amount of sulfur lost when 
bromine is used in the presence of excess lead nitrate has proved negligible for 
routine analysis of rubber products and compounding materials. 

Unless perchloric acid volume is above 2 drops, incomplete oxidation of 
sulfur may result in some cases. A range of 3 to 5 drops of added perchioric 
acid gave essentially the same sulfur recovery with natural rubber stocks but 
in some cases use of 5 drops gave somewhat lower recoveries, e.g., 95 to 98 per 
cent of 3-drop recovery. Safety precautions, as well as lead sulfate solubility, 
require use of the minimum volume that will produce complete oxidation, which 
is about 3 drops (0.1 ml.). 

The only really critical point about oxidation with the specified amount of 
perchloric acid on a micro-seale is possible evaporation to dryness. In such a 
case the heat-sensitive lead perchlorate present decomposes to form lead 
chloride, which is insoluble in acetone and will lead to false high figures for 
sulfur recovery. The sample may be recovered by reheating to fumes with 2 
drops of perchloric acid. 

Precipitation.—Perchlorates of most cations are soluble in alcohol and 
acetone. Potassium perchlorate is the only salt essentially insoluble in these 
solvents'. The precipitation of lead sulfate through its insolubility in organic 
solvents offered a novel means of separation from interfering perchlorate salts. 
Several other solvents were investigated, including water-miscible alcohols 
(ethanol and methanol), higher ketones (methylethyl ketone and methyliso- 
butyl ketone) and ether (dioxane) alone, as well as water-immiscible hydro- 
carbons (n-hexane) mixed with acetone. 

When 3 drops of perchloric acid were used, the alcohols all gave low re- 
coveries, on the order of 60 to 90 per cent of that of reagent grade acetone. 
The acid in dioxane dissolved practically all the lead sulfate. Methylethyl 
ketone gave recoveries only a little lower than acetone, but methylisobutyl 
ketone precipitated lead salts other than lead sulfate in the second wash, once 
acid concentration was reduced by the first wash. Mixtures of hydrocarbons 
and acetone offered no advantage over acetone alone. 

Karly work with acetone was carried out with specially prepared essentially 
anhydrous acetone. However, it was later proved that, though the water con- 
tent of the acetone must be controlled, reagent grade acetone can be used. In 
fact, 1 to 2 per cent of water added to reagent grade acetone may at times be 
beneficial. The presence of a trace of water inhibits the oxidation of anhy- 
drous and reagent grade acetone, which normally results in development of a 
yellow coloration as the acetone stands in the presence of perchloric acid. 
However, this solvent oxidation does not normally appear to affect the quanti- 
tative recovery. 

When acetone is first poured into the residual cold perchloric acid after 


DETERMINATION OF TOTAL SULFUR 625 


sample digestion, an exothermic reaction results due to heat of solution. This 
has not proved hazardous even with such a large excess as 20 drops of perchloric 
acid, which would mean a final concentration of about 10 per cent perchloric 
acid in acetone. On the micro-seale involved, only 2 drops (0.07 ml.) of excess 
perchloric acid are diluted to about 8 ml., which is a concentration of less than 
1 per cent perchloric in acetone. Consequently it is felt that no hazard is in- 
volved in adding acetone to cold perchloric acid, as done here on a micro scale. 

Paradoxically, heating the acetone in hot water at below the boiling point 
tends to force complete precipitation more efficiently than cooling in an ice bath. 
With high-sulfur materials, the additional recovery due to heating the acetone 
may not always be apparent, and immediate centrifuging may be justified in 
many cases. However, a definite increase in sulfur recovery was noted on 
several occasions following a period of heating the acetone, particularly with 
Butyl stocks, so this step is incorporated in the procedure. Heating a reagent 
blank in the same manner for extended periods did not alter the blank. TThere- 
fore, such heating does not decompose the acetone-soluble perchlorate salts. 

I nterferences.—Lead and iron salts and even barium perchlorate are very 
soluble in acetone and are probably all dissolved when the first acetone is added 
to precipitate the insoluble lead sulfate (the sulfur could be precipitated as 
barium sulfate in the same manner with excess barium chloride). However, a 
residual volume of about 0.5 ml. remains in the tube each time after the clear 
acetone is drawn off following centrifuging. This makes necessary two more 
dilutions of the residue to reduce the blank to negligible proportions. A cor- 
rection for background absorbance was necessary when potassium chlorate or 
nitric acid alone was used as the oxidant, but the acetone solubility of interfer- 
ing perchlorates eliminates all possible interference. Even lead present in a 
stock as the hard-to-dissolve oxide, and acid-insoluble barium sulfate will be 
converted to perchlorates and be removed by the acetone with quantitative 
recovery of sulfur as lead sulfate. 

This procedure offers a sensitive and rapid method for determining lead in 
rubber products and compounding materials. The sample is wet or dry ashed, 
then taken up in 50 per cent hydrochloric acid. The absorbance at 270 my is 
measured and per cent lead is calculated using a specific absorbance, A, of 
54.0. A simple mathematical correction may be made for any background 
interference due to iron. 

Acetone absorbs strongly in the ultraviolet spectral region of interest and 
must be removed completely by evaporation before the 50 per cent acid is 
added. Some lots of reagent-grade acetone had to be redistilled, since they 
left a brown residue when the acetone was evaporated to dryness after the final 
wash. This residue absorbs and gives high results for sulfur. The brown 
material was apparently a high boiling oxidized impurity formed by oxidation 
with perchloric acid. It could be removed by heating the sample tubes at 
550° C for 15 minutes. However, it is best eliminated by redistilling the 
reagent-grade acetone to ensure purity. Addition of 2 drops of water to each 
sample before evaporation to dryness will reduce such interference. 

Standard micro-chemical practice would call for use of a filter stick or some 
method of filtration for each sample, but the vacuum pipet is much faster and 
easier to handle. Recoveries are some times a little low, e.g., 98 per cent of 
theory, for inorganic salts where no sulfur is likely to be lost by oxidation. This 
may be attributed to the slight solubility of lead sulfate in the acidic acetone 

Solution.—It has been shown? that the intensity and selectivity of ultra- 
violet absorbance of lead in aqueous hydrochloric acid change drastically with 
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ABSORBANCE 
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Effect of acid concentration on absorbance of lead. 20 p.p.m. lead 
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Fia. 2.—Shift of absorbance maximum with acid concentration 
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change in acid concentration. This was investigated, and the data are illus- 
trated in Figure 1. The maximum is sharp and symmetrical at an acid cons- 
centration above about 40 per cent. 

The shift of wave length of maximum absorbance toward longer wave 
lengths is observed in Figure 2 to be an asymptotic function of the acid con- 
centration. Above about 40 per cent acid the shift in wave length is slow, and 
at 50 per cent acid concentration the wave length of the maximum (270 my) 
will be essentially constant. Its location will not be affected by small changes 
in acid concentration, which may occur, owing to normal variation in normality 
of the concentrated reagent grade hydrochloric acid used. 


~ 


K*54.0 aT 270 mu 


AT MAXIMUM 


ABSORBANCE 


= 
= 
~ 


Sox Aqueous HC 
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kia, 3.--Effect of acid concentration on specific absorbance of lead. 20 p.p.m. lead 


Figure 3 shows that the intensity of absorbance, or specific absorbance, K at 
the maximum is a linear function of acid concentration in the range of about 
20 to 60 volume per cent hydrochloric acid. The AK value of 50 per cent acid is 
54.0 at 270 my, but in 25 per cent acid it drops to 34.0 at 264 mu. The high 
(50 per cent) acid concentration is preferred, because the greater sensitivity 
makes possible a smaller sample, which is rapidly oxidized with a minimum 
amount of perchloric acid, and any interfering absorbance is reduced in relative 
intensity to negligible proportions by the strong lead absorbance. Use of a 
weaker acid, e.g., 25 per cent, may prove advantageous for purified materials 
of high sulfur content. However, dilution to larger volumes of 50 per cent acid 
than the 10 ml. used here is preferred because of the greater accuracy possible at 
high sensitivity. 

The concentrated (12N) hydrochlorie acid (considered 37 per cent hydro- 
chlorie acid with a range of 35 to 38 per cent) as used to prepare a 50 per cent 
acid mixture by volume would result in a range of 17.5 to 19 per cent hydro- 
chloric acid content in a 1:1 mixture. During development of the procedure, 
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no abnormal results were obtained which could be attributed to variations of 


hydrochloric acid concentration. 


For determination of sulfur in rubber prod- 


ucts, no correction was made for variation of hydrochloric acid content of the 


concentrated acid. 


should be checked carefully and kept constant. 
Any chemically inert material can be used as a finger stall for stoppering 


the sample tubes containing acid. 


For the most accurate work, the hydrochloric acid content 


Rubber provides a better seal for acetone 


washing, but polyethylene film is satisfactory for 50 per cent aqueous acid. 
Pure-gum rubber is satisfactory for both acetone and acid, if extracted with both 


solvents before use. 


| 


However, any povsibility that acid will extract iron from 


DETERMINATION OF ORGANIC AND INORGANIC SULFUR IN 


Rupper CompounpING MATERIALS 


Compounding materia! 


Bodium sulfate 
Zine oxide 
Barium sulfate 


Bulfur (commercial rubber 
grade) 

Accelerators 
MBTS (purified) 


TMTD (purified)* 


Softeners 
Petroleum oils (rubber grade) 
39% by O41 bomb 
0.20% by Os bomb 
Coal tar origin (Bardol) 
Asphalt origin (Parafiux) 


Carbon blacks 
SRF (furnace) 
HMF (furnace) 
FEF (furnace) 
HAF (furnace) 


Sulfur (%) 
Theo- 
retical By analysis 


Inorganic sulfur compounds 
22.6 21.8, 22.0 
0.30, 0.34 
13.7 13.4, 13.1 


Organic sulfur compounds 
90.5 96.2, 99.4, 98, 100 


38.6 36.2, 36.4, 37.9, 38.5 
53.4¢ 54.0, 52.6, 54.8, 53.4 
52.0 


1.40, 1.28 
0.11, 0.13, 0.13 
0.57, 0.64 
0.86, 0.80 


0.044, 0.043, 0.064 
0.12, 0.14 
0.67, 0.64 
0.29, 0.35 


98.4 


37.3 
53.4 


Mean 
deviation 
(%) 


+0.1 
+0.02 
+0.2 


+£1.43 


(97-101) 


96.7 
(94-100) 

100 
(97-103) 


+0.06 
+0.01 
+0.04 
+0.03 


+0.009 
+0.01 
+0,02 
+0.03 


BAF (furnace) 
EPC (channel) 


0.47, 0.45 
0.16, 017 


+001 
+0.01 


* Benzothiazoly! disulfide 

* Tetramethylthiuram disulfide. 

* Chemical analysia by ASTM procedure gave 61.8, 51.5, and 52.9% sulfur in TMTD, average recovery 
of 97.7% 


compounded rubber must be avoided, since ferric chloride absorbs in the 
ultraviolet. The uncovered finger should never be used to stopper the sample 
tubes, whether acetone or acid is the solvent. Safety preparations for handling 
lead recommended that the analyst wash his hands thoroughly after determin- 
ing total sulfur by this method. 


APPLICATIONS 


The results obtained by the perchloric acid method represent true total 
sulfur, and are comparable to those by the sodium carbonate fusion method‘. 
Only in critical work, or in application to materials other than rubber products, 
need possible loss of volatile sulfur be taken into consideration. 

The results are not strictly comparable to those of the standard ASTM 
gravimetric method, since perchloric acid will recover sulfur from barium sul- 


ome Reeovery 
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Av theory) 
21.9 97 
0.32 
13.2 96.5 
os 
+09 
1.34 
0.13 
0.60 
0.83 
0.050 
0.13 
0.66 
0.32 
0.46 
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fate, which is filtered off as acid-insoluble in the regular method. Both methods 
determine sulfur in acid-soluble inorganic sulfates, such as sodium and calcium 
sulfates. The combustion method does not determine inorganic sulfate, as 
does this wet oxidation procedure. 

If there is need to distinguish between inorganic and organic sulfur, the 
material can be ashed prior to determination of sulfur by wet oxidation on the 
ash. However, for the normal tire and tube stock, results are also in close 
agreement with the standard gravimetric barium sulfate procedure following 
nitric acid oxidation. 

Analyses in rubber chemistry.—The data of Table I illustrate the wide appli- 
cation of the perchloric acid method to both inorganic and organic rubber com- 
pounding materials. The following modifications of the regular perchloric acid 
procedure for analysis of these compounding materials are recommended. 

Carbon Black. Weigh 5 to 10 mg. of pelletized black and digest with a 
minimum amount of perchloric acid (3 to 5 drops). Add 3 drops, and if oxida- 
tion is incomplete, add | or 2 more as required for a colorless wet residue. 


Il 


Sutrur 1n CompounpeD Rusper Srocks py 
ABSORPTIOMETRIC Meruop 


Gravimetric Absorptiometric Mean 
sulfur (%) sulfur (%) devia- 
Polymer : tion 
Stock type type Range (%) 


Standard GR-8 33 +0.04 
Tire tread Natura! +0.03 
Foam rubber Natural 53 : f +0.03 
White side wall Natural 02 +0.02 
Tire tread Mixed GR-8 A +0.01 
and natural 
Tire tread GR-8 (LTP) f 1.50 to 1.57 t +0.04 
Hose (10% CaCOs) Neoprene 0.59 to 0.68 : +0.04 
Cement 0.72 to 0.80 +0.03 
rubber 


*% recovery by absorptiometric method relative to recovery by ASTM gravimetric method, % absorp- 
tiometrically K 100/% gravimetrically. 


Inorganic Salts. For high-sulfur salts, such as barium sulfate, weigh 1 to 2 
mg. and digest with 3 drops of perchloric acid. Dilute to 25 to 100 ml. with 
50% hydrochloric acid as needed. For low-sulfur inorganic salts, such as zine 
oxide, make the final 50% acid volume up to 10 ml. as usual. 

Petroleum Oils (rubber grade, essentially nonvolatile at 100°C). Weigh 5 
to 10 mg. (1 small drop) and digest with a minimum amount of perchloric acid 
(3 to 5drops). Dilute to 10 ml. with 50% acid, with further dilution as needed 
for high-sulfur oils. Weighing of softener oils on a microbalance is facilitated 
by taking up the sample on a weighed cotton cord, cutting off the part of the cord 
with the sample, and dropping the cord and all into a sample tube. The cord 
must be essentially sulfur-free. 

Organic Compounds. For sulfur below 3%, proceed as for rubber analysis. 
For high sulfur, such as tetramethylthiuram disulfide accelerator, dissolve | to 
5 mg. in 100 ml. of chloroform or other suitable solvent. Pipet an aliquot of 1 
to 5 ml. into a sample tube and evaporate just to dryness at low temperature 
(70° C oven or water bath). Proceed as for rubber analysis, and include the 
dilutions of the chloroform solution in the final calculations. Alternatively, the 
final acid volume can be made up to 100 ml. instead of 10 ml. 

The data of Table II illustrate the application of the method to a wide 
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variety of complex compounded rubber products. No difficulty was experi- 
enced in analysis of natural, GR-S, Butyl, Neoprene, or chlorinated rubber-base 
polymer stocks. Insolubility of titanium dioxide in white side-wall tire stock 
requires an extra centrifugation, to remove turbidity, but no other modification 
was necessary for any stock analyzed. 

Other methods of measurement.—The amount of lead sulfate precipitate can 
be measured in different ways—polarographic, volumetric, gravimetric, tur- 
bidimetric, or nephelometric techniques. The volumetric technique might 
involve the well known, but difficult, visual end-point titration with tetrahy- 


Taste III 


GRAVIMETRIC SuL¥YUR AS SULFATE BY PERCHLORIC 
Acip OXIDATION SEMIMICROMETHOD 
8 by Gravimetric lead sulfate 
Sulfur BabO, Recovery 
theoret (ASTM) Sample PbBO« (% of theo- 
Stock ical (%) (%) (mg.) (mg.) Sulfur (%) retical) 
Compounded elastomer stocks 


Natural tire tread 2.14 2.08 750 15.3 2.16 97.2 
(2.05 to 2.12) 1008 19.1 y 


tire tread 


1.31 
(1.28 to 1.34) 


Butyl tube 1.35 


MBTS (purified) 


TMTD (purified) 


Sulfur (commercial 
of high purity) 


& 


Av. 


* Analysis was completed even though these two of four samples showed explosive oxidation near end of 
oxidation. Explosive oxidation occurred because of failure to swell samples in chloroform as final procedure 
for Butyl requires 


droquinone indicator, or amperometric titration*. However, the ultraviolet 
absorptiometric procedure is considered equal or superior in accuracy and reli- 
ability to any of these methods. In addition, its high sensitivity makes possi- 
ble analyses on a micro seale, 

It was desired to demonstrate that the procedure for sample preparation 
with perchloric acid and acetone could be used to advantage with other methods 
of measurement. Results of a gravimetric semimicroprocedure are given in 
Table IIL. Some modifications were necessary for the gravimetric method. 
Sample size ranged from 5 to 10 mg. for high-sulfur compounds and from about 
75 to 100 mg. for low-sulfur compounded rubber products. Sulfur content was 
kept below 5 mg., which means a weighable lead sulfate recovery below 50 mg. 


Av 2.08 
PC 1.26 | 104.7 12.6 1.27 103 
92.6 11.6 1.33 
Ay. 1.30 
112.4 13.4 1.278 
92.8 10.9 1.240 
102.0 11.2 1.17 
97.2 11.5 1.25 
Ay. 1.23 
Elastomer compounding materials 
CS 38.6 2.82 10.1 37.9 95 
5.24 17.9 36.2 
7 10.19 34.6 36.0 
Av. 36.7 
53.4 2.42 12.1 53.0 98.6 
52.9 5.038 24.8 62.2 
518 
Av. 52.6 
Avy. 52.1 
100 2.68 103 101 
4.56 100 
4.95 101 
2.29 105 
2.17 101 
3.22 Us 
101 
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Amount of reagent per sample was increased to 100 mg. of lead nitrate and | 
to 2 ml. of concentrated nitric acid, followed by 3 or 4 ml. of fuming nitric acid 
added in two or three treatments. Perchloric acid was added up to 10 drops 
for organic compounds containing no carbon black; and up to 20 drops for 
compounded rubber stocks. Volume of acetone wash was maintained at 
about 10 ml. per wash, but four washes were used. 

Close attention to complete disintegration of rubber products with fuming 
nitric acid prior to addition of perchloric acid is essential. No trouble was en- 
countered with perchloric acid oxidation of natural and GR-S rubber stocks. 
However, the relatively large (100 mg.) sample of hard-to-oxidize Butyl rubber 
may oxidize with explosive violence unless completely disintegrated before the 
nitric acid has evaporated. A preliminary swelling in chloroform and evapora- 
tion of the chloroform prior to acid treatment were used to speed oxidation of 
Butyl rubber in nitric acid. 

If a significant amount of acid-insoluble material from the sample is present, 
it is necessary to dissolve the lead sulfate in 50 per cent hydrochloric acid, cen- 
trifuge, and weigh the sample tube again to correct for the acid-insoluble. No 
correction was made for any trace of acid-insoluble material in the data of 
Table III. Absence of any significant turbidity after dissolving the lead sulfate 
will show where such a correction is unnecessary. 

Petroleum chemistry.—The general application of this method to fields other 
than rubber chemistry is suggested by successful analysis of petroleum oil 
softeners. The somewhat lower results obtained may indicate the presence of 
volatile sulfur compounds, but agreement of the perchloric acid and oxygen 
bomb methods is close enough to make the wet oxidation satisfactory for routine 
analyses. Regular analysis by oxygen-bomb methods could be speeded by 
using lead nitrate and measuring the lead sulfate formed by the absorptio- 
metric method outlined here. For critical analyses where volatile materials 
are concerned, the sample may be oxidized by the Carius sealed tube method in 
the presence of lead nitrate. Perchlorie acid is then added when the tube is 
opened and the regular procedure outlined here is followed thereafter. 

Absolute structural analyses.—The method appears to be of value for ab- 
solute determination of sulfur content in securing data for chemical formula re- 
construction. Analysis of purified tetramethylthiuram disulfide and high 
purity sulfur shows an average of 99 to 100 per cent recovery. The perchloric 
acid procedure outlined here has been simplified for rapid routine determination 
of sulfur, and some precision and accuracy have been sacrificed to speed up the 
analysis. Modifications, such as a somewhat larger sample with 100 ml. or 
more of exactly 50 per cent acid, should make the accuracy comparable to that 
of other methods now in use. A preliminary slow oxidation with nitric acid and 
excess bromine at room temperature prior to heating, or use of conventional 
Carius or bomb techniques, should eliminate loss of trace amounts of volatile 
sulfur compounds. 

Accuracy.—The accuracy is difficult to prove in analysis of rubber products 
because sulfur is present in several compounding materials (see Table 1). To 
prepare a standard stock of known true total sulfur content would require a 
prohibitive amount of work, involving determination of sulfur in every material 
added to the stock. However, a practical alternative is to consider only added 
sulfur as such and that present in accelerators added, in calculating theoretical 
percentage sulfur. Analysis of data of Table LV indicated the absorptiometric 
method recovers 97 to 108 per cent of theoretical. This is good, considering the 
many factors affecting the theoretical per cent sulfur. 
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Precision.—The data of Table IV illustrate the precision of the absorptio- 
metric micromethod for analysis of three complex compounded cured rubber 
stocks. Work of seven different analysts, most of them unfamiliar with the 
new technique, shows a mean deviation from average of +0.06 per cent for the 


Taste IV 
Precision AND ReLative Accuracy or ABSORPTIOMETRIC 
MICROMETHOD 
Sulfur found (%) 
Analyst Natural GR#B Butyl” 
1 2.10 1.40 1.30 
2.06 1.36 
Av. 2.08 1.33 
2 2.10 1.29 1.38 
2.06 1.33 1.43 
2.09 1.29 1.35 
Av. 2.08 1.30 1.39 
5 2.19 1.27 1.46 
2.25 1.39 1.43 
1.39 
Av. 2.22 1.35 1.44 
4 2.10 1.46 -_ 
2.15 1.26 
Av. 2.12 1.36 
5 2.12 1.39 1.34 
2.12 1.35 1.37 
Av. 2.12 1.37 1.36 
6 2.01 nen 1,20 
2.04 1.16 
Av. 2.03 1.18 
7 1.88 1.39 1.38 
1.94 1.38 1.35 
Av. 1.91 1.38 1.36 
Summary of data 
Av. for sample (%) 2.09 1.36 1.34 
Max. deviation —0.18 —0.06 —0.16 
Mean deviation +0.06 +0.02 +0.06 


Comparison of ASTM gravimetric and absorptiometric methods 
Av. absorptiometric 


8 (%) 2.09 1.36 1.34 
Theoretical 8 as com- 
pounded (%) 2.14 1.26 1.38 
Av. gravimetric 8 (%) 2.04 1.31 — 
Ratio absorptiometric 8 (%) 0.98 1.08 0.97 


theoretical 8 (%) 


absorptiometric 8 (¢ o) 


Ratio 


1.02 1.04 


gravimetric 8 (%) 
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natural and Butyl stock and only +0.02 per cent for the GR-S stock. Famili- 
arity with the procedure should give duplicate determinations that check well 
within +0.1 per cent deviation for analysis of rubber products. 

Absolute accuracy is here best measured by determination of sulfur on puri- 
fied organic and inorganic materials. Recoveries of 97 per cent or higher of 
available sulfur in pure compounds are observed in Table I. Similar or higher 
recoveries are obtained for organic compared to inorganic compounds, which 
indicates there is probably no loss of sulfur through volatilization of the organic 
material. The slightly low recoveries for these pure materials may be attribut- 
able to a very slight solubility of lead sulfate in perchloric acid in the presence of 
acetone. The absorptiometric recovery is a little higher than the gravimetric 
recovery for both rubber stocks and purified tetramethylthiuram disulfide 
accelerator. 

A more practical basis for establishing accuracy is to determine relative 
accuracy by comparing recoveries for the same sample by the conventional 
gravimetric and absorptiometric methods. This was done for the GR-S and 
natural-rubber stocks of Table IV. Average recoveries by the gravimetric 
method are about 97 per cent of those by the absorptiometric method. How- 
ever, agreement of the results is 80 close that the two methods may be considered 
of comparable accuracy for all practical purposes. 


DISCUSSION 


The only special equipment required for this analysis is an ultraviolet 
spectrophotometer capable of making absorbance readings at 270 my. The 
Beckman DU spectrophotometer used here is by no means a single-purpose 
instrument in the rubber laboratory. Its application to identification of ac- 
celerators* and antioxidants’ and for quantitative determination of accelerators*® 
has been described. All other equipment and reagents are standard equipment 
in the average rubber control laboratory. 

The method has all the advantages of a micromethod, but eliminates most 
of the disadvantages involving tedious manipulation. Work on a micro-scale 
makes possible a significant saving in time, cost of glassware, and amount of 
reagents required. Volume of oxidizing reagents is here measured in drops, 
rather than milliliters, as in the macro-method. This micro-method is sensitive 
to contaminants, and glassware should be kept scrupulously clean and stored 
protected from laboratory dust. 

The sample size is so small that the rubber chemist may often question the 
homogeneity of the sample. However, rubber is one of the best dispersing 
mediums known, and under normal conditions after cured stocks have been 
milled the homogeneity has never proved a problem. On the other hand, the 
sample can be so minute that the method may be used to detect incomplete 
dispersion of sulfur of sulfur-bearing materials in rubber products, when it is 
not homogenized on a mill. 

The method is considerably more rapid than any conventional procedure 
used for determination of sulfur in rubber products. An experienced analyst 
can complete an analysis in duplicate in about 2 hours, with less than |-hour 
working time. Several samples may be conveniently run simultaneously with 
only a nominal increase in total time for analysis. In the rubber industry there 
is normally no need for a total sulfur procedure that will yield results in less 
than 3 to 4 hours. Therefore, this method is a practical solution to the long- 
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standing problem of a more convenient and rapid determination of total sulfur 
in rubber products. 


SUMMARY 


The 1.0 to 2.5 per cent of sulfur normally present in rubber products is 
oxidized with concentrated nitric acid-bromine reagent, followed by perchloric 
acid in the presence of excess lead nitrate. Sulfur as lead sulfate is precipitated 
and washed with acetone. The lead sulfate is dissolved in 50 per cent hydro- 
chloric acid, and absorbance of the lead chloride complex is recorded at 270 mu. 
Sulfur is calculated on the basis of the measured lead content of the precipitate. 
The high sensitivity pute the method in the micro-range. An experienced 
analyst can analyze 40 to 50 samples a day. Precision and accuracy are com- 
parable to those of the conventional barium sulfate gravimetric method at the 
low sulfur concentrations normally found in rubber products. 
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The identification of rubber compounding ingredients in the past has been 
accomplished mainly through the use of color reactions'. Recently these identi- 
fications have been made more positive through the use of chromatographic 
separation techniques? and characterization by ultraviolet? and infrared‘ 
spectrophotometry. Parker and Berriman® have recently published an excel- 
lent comprehensive study of the chromatographic determination of accelerators 
and antioxidants in vuleanized rubber, including data on many of the accelera- 
tors and antioxidants which are widely used today. A complete characteriza- 
tion of the composition of an unknown vulcanizate necessitates a detailed knowl- 
edge of the chromatographic behavior, not only of all the commercially used 
accelerators and antioxidants, but also of their decomposition products which 
are produced during vulcanization. Therefore, considerable background ex- 
perience is necessary before the chromatographic technique can be used suc- 
cessfully. 

The tendency of accelerators to decompose or react during mixing, vulcaniza- 
tion, or extraction has plagued many analysts in the past and has resulted in 
loss of accelerators, or their conversion to other chemical compounds. Ex- 
amples of some of the difficulties which have been encountered are given below. 
Parker and Berriman® have shown that stearic acid interferes with the detection 
of bis(dimethylthiocarbamoyl) disulfide (Methy! Tuads) in vuleanized rubber. 
Similarly, diethylthiocarbamoyl disulfide (Ethyl Tuads) and dimethylthio- 
carbamoyl sulfide (Monex) could not be detected by these investigators after 
vulcanization. The conversion of dimethylthiocarbamoyl disulfide to zine 
dimethyldithiocarbamate (Methyl Zimate) in the presence of zine oxide during 
vulcanization has been observed by Dufraisse and Jarrijon*, Mann‘, and others’. 

Mann‘ states that he was unable to detect either the piperidine salt of 
1-piperidinecarbodithioie acid (Pip-Pip) or zine pentamethylenedithiocarba- 
mate (Pipazate) in vuleanizates where the former was used as an accelerator. 
Mann‘ has also observed that N-cyclohexyl-2-benzothiazolesulfenamide (Santo- 
cure) is converted to 2-mercaptobenzothiazole (MBT) during vuleanization. 
The cyclohexylamine fragment of the molecule could not be found after vuleani- 
zation. 

Dufraisse and Houpillart* identified both 2-mereaptobenzothiazole and 
2,2’-dithiobisbenzothiazole (MBTS) in vulcanized rubber compounds which 
originally contained only one of these accelerators. They failed to detect 
diphenylguanidine (DPG) in acetone extracts of vulcanized rubber compounds 
accelerated with diphenylguanidine’. 


* Reprinted frotn Analytical Chemiatry, Vol. 27, No. 10, pages 1575-1580, October 1955. This paper was 
yresented before the Division of Rubber Chemistry at the 126th Meeting of the American Chemical Society, 


New York, September 12-17, 1054. 
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The procedure proposed here simplifies these problems by using an extrac- 
tion technique which promotes decomposition of the accelerators and collects 
the fragments obtained. 

A perusal of the accelerators commonly used in rubber compounding shows 
that all contain one or more of the following components: a thiazole (or related 
compound), an amine, a guanidine, and carbon disulfide. The proposed pro- 
cedure isolates and identifies each of these components, along with the amine 


Fic. 1.-Apparatus for extractive decomposition of rubber compounding materials. 


antioxidant used. The accelerator which was present in the rubber compound 
ean then be determined, in most instances, from a knowledge of the fragments 
obtained from known accelerators. 

Consequently, many of the difficulties encountered by previous investiga- 
tors are eliminated. Easily decomposed accelerators can be classified or identi- 
fied, since the analytical scheme is designed primarily to isolate and identify 
the decomposition products and not the original accelerators. 

The extraction medium must not only promote the accelerator decomposi- 
tion, but it must also be efficient in extracting the decomposed fragments or 
unchanged compounding ingredients. Humphrey" has shown that a mixture 
of benzene and aqueous hydrochloric acid facilitates the removal of the extrac- 
tion-resistant guanidine-type accelerators. In the present work a mixture of 
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ethyl alcohol and 1N aqueous hydrochloric acid was found to be an excellent 
extraction medium, in that it successfully decomposes unstable accelerators and 
recovers the guanidine and antioxidants unchanged. 

The extracted components are subsequently separated using distillation and 
liquid-liquid extraction techniques. The separations involved are complete, 
and little interference is encountered in the identification of the products. 


APPARATUS 


Norelco x-ray diffraction equipment was used to identify the crystalline 
products isolated. The photographie technique was employed, using copper 
K-alpha radiation. 

A Beckman Model DU ultraviolet spectrophotometer was used in the identi- 
fication of some of the products. Absolute ethy! alcohol was the solvent used. 


2.—Apparatus for distilling volatile amines. 


The apparatus used for extracting rubber compounds under reflux is shown 
in Figure 1. It consists of a 1-liter, single-necked, round-bottomed flask, fitted 
with a Claisen-type adapter which connects it to an air inlet tube, and to a 
Hopkins type reflux condenser. The upper end of the air inlet tube is con- 
nected to a gas-washing tube containing 0.5N alcoholic alkali to remove any 
traces of carbon disulfide and hydrogen sulfide from the incoming air. The 
lower end of this tube dips below the liquid level in the flask. Connected to the 
outlet tube of the reflux condenser is another gas-washing tube which contains 
50 ml. of 10 per cent aqueous copper sulfate to rernove any hydrogen sulfide 
generated during the refluxing period. A third gas-washing tube containing 
0.2N alcoholic sodium hydroxide is used to trap the carbon disulfide that may be 
liberated from the rubber compound. This tube is connected to a vacuum line. 

Except for gum rubber tubing connecting the gas-washing tubes, ground- 
glass joints are used throughout this assembly and the distillation apparatus 
described below. 

For distillation of the amines and their absorption in acid, a conventional 
type of apparatus may be used, such as that illustrated in Figure 2. A modi- 


te 
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fied cylindrical Kjeldahl spray trap is inserted between the distillation flask 
Modification consists of fusing an insulating jacket around 
The receiving adapter has an 


and the condenser. 
the bulb, to prevent excessive liquid holdup. 
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outlet tip consisting of a small perforated glass bulb. 


All reagents and solvents used were analytical grade. 
The accelerators and antioxidants used in this study were all commercial 
grade. They are listed in Tables I and II, with the trade names, chemical 


Abbrevia- 
tion or 
trade 
name 

MBT 

MBTS 

Zenite 
Special 

Santocure 
(CBS) 

NOBS 
Special 

Vulkacit 

Z 


CDETS 


Naugatuck 
124 


Monex 


Methyl 
‘Tuads 

Ethyl 
Tuads 

Tetrone A 


Methyl 
Zimate 

Ethyl 
Zimate 

Pipazate 


Pip-Pip 


Philcure 
113 
DPG 
DOTG 
TI 
Ethylac 


SRA No. 2 


MATERIALS 


Tape I 
ACCELERATORS Srupiep 


Chemical name 
2-Mercaptobenzothiazole 
2,2'-Dithiobisbenzothiazole 
2-Mercaptobenzothiazole, zinc derivative 

(zine benzothiazoly] sulfide) 


2-(Morpholinothio)benzothiazole (N-oxydi- 
ethylene-2-benzothiazolesulfenamide 


N-cyclopentamethylene-2-benzothiazole- 
sulfenamide 
hydrosulfamine 
diethylthiocarbamylsulfenamide) 
Composition not given; identified in this 
study as N,N-dicyclohexyl-2-benzo- 
thiazolesulfenamide 
Dimethylthiocarbamoy] sulfide (tetra- 
methylthiuram monosulfide) 
Dimethylthiocarbamoy] disulfide 
(tetramethylthiuram disulfide) 
Diethylthiocarbamoy] disulfide (tetra- 
ethylthiuram disulfide) 
Piperidinothiocarbony! tetrasulfide 
‘-pentamethylenethiuram tetrasul- 
ide) 
Zine dimethyldithiocarbamate 


Zine diethyldithiocarbamate 


Zinc N-pentamethylenedithiocarbamate 

1-Piperidinecarbodithioic acid, piperidine 
salt (N-pentamethyleneammoniumpenta- 
methylenedithiocarbamate) 

tert-Butylsulfenyldimethyldithiocarbamate 


Diphen 


Di-o-tolylguanidine 

Triphenylguanidine 

azoly] sulfide 

Zine diphenylguanidinobenzothiazolylmer- 
captide 


Source 
Du Pont 
Naugatuck 
Du Pont 


Monsanto 
American 
Cyanamid 
I. G. Farben- 
industrie 
Firestone® 
Firestone’ 


Firestone” 


Naugatuck 


Naugatuck 


R. T. Vanderbilt 
R. T. Vanderbilt 


Du Pont 


R. T. Vanderbilt 
R. T. Vanderbilt 


Naugatuck 
Monsanto 


Phillips 
Petroleum 
Monsanto 
Du Pont 
Du Pont 
Sharples 


Du Pont 


CPBS 
| 


Abbreviation or 
trade name 


AgeRite Stalite 
BLE 


Flectol-H 
J-Z-F (DPPD) 
Neozone-A 
Neozone-D 
(PBNA) 
Santoflex-AW 


Santoflex-B 
Santoflex-BX 
Stabilite 
Thermoflex 
Thermoflex-A 


IDENTIFICATION OF INGREDIENTS 


Taste II 
ANTIOXIDANTS STuDIED 


Chemical name 


Mixture of mono- and dihepty!- 
diphenylamines 

Acetone-diphenylamine condensation 
product 

Acetone-aniline condensation product 

N,N’-dipheny|-p-phenylenediamine 

N-pheny]-1-naphthylamine 

N-pheny]-2-naphthylamine 


6-Ethoxy-1,2-dihydro-2,2,4- 
trimethylquinoline 

6-Pheny]-1,2-dihydro-2,2,4- 
trimethylquinoline 

Santoflex-B plus DPPD 

N,N‘-diphenylethylenediamine 

Di-p-methoxydiphenylamine 

Thermoflex plus PBNA and DPPD 


Source 


R. T. Vanderbilt 
Naugatuck 


Monsanto 
Naugatuck 
Du Pont 
Du Pont 


Monsanto 
Monsanto 
Monsanto 
C, P. Hall 


Du Pont 
Du Pont 


names, and suppliers. These accelerators and antioxidants were compounded 
in the test formula given in Table III. N-Phenyl-2-naphthylamine (PBNA) 
was used as an antioxidant in some of the stocks compounded for accelerator 
identification. N-Cyclohexyl-2-benzothiazolesulfenamide was the accelerator 
used for the stocks containing different antioxidants. 


PROCEDURE 


The rubber vulcanizates containing the different antioxidants and accelera- 


tors listed in Tables I and II were analyzed by the procedure given below. The 
results of the accelerator analyses are shown in Table IV. All of the antioxi- 
dants studied were isolated in the neutral or basic fraction and successfully 
identified. 

Extraction of Antioridant and Accelerator Fragments from Rubber Products.- 
The rubber products are prepared in the usual way by mixing and sheeting out 
on a rubber mill. Vulcanizates can also be ground in a Wiley mill. Cements 
are prepared by evaporation to the solids, preferably in a vacuum oven. The 
solids can then be mixed and sheeted out. Compounded latex and latex prod- 
ucts may be prepared in the same way. 


COMPOUNDING FORMULA 
Material 


Natural rubber 
Carbon black 
Zine oxide : 
Stearic acid 3 
Paraflux (softener) 4 
Sulfur 2.3 
Antioxidant lto 
Accelerator’ 0.5 to | 
All stocks, except TPG, cured 5O minutes at 280° F. TPG cured 60 minutes at 208° F. 
* Supplied by C. P. Hall 
* Triphenylguanidine compounded at 1.5 parte. 
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Place 15 to 20 grams of the prepared rubber product in the 1-liter, single- 
necked, round-bottomed flask, and add 100 ml. of ethyl alcohol and 100 ml. of 
1N aqueous hydrochloric acid. Connect the flask to the reflux setup, and 
attach the gas-washing tubes. Apply enough suction to the outlet of the car- 
bon disulfide absorption tube to permit a slow bubbling of air through all the 
solutions. 

Turn on the heating mantle and allow the alcoholic-acid solution to reflux 
for approximately 2 hours. After the heat is turned off, allow air to bubble 
through the solutions for about 5 minutes. Disconnect the apparatus and filter 
the alcoholic-acid solution into a 500-ml. single-necked, round-bottomed flask. 
Wash the rubber residue with 100 ml. of water and add the washings to the main 
solution. 

Distillation, recovery, and identification of amine.— Make the cooled alcoholic- 
acid solution alkaline with approximately 25 per cent aqueous sodium hydroxide 
solution, connect the flask to the distillation apparatus, turn on the heating 
mantle, and distill the amine into 35 ml. of 0.5N aqueous hydrochloric acid. 


VI 


ULTRAVIOLET ABSORPTION CHARACTERISTICS OF AMINE 
ANTIOXIDANTS AND MBT 


Min. Maxima Min. Maxima Min. Maxima 

my 200-250 my my 250-300 my mp 300-350 my 
Ageltite Stalite 208 (1) 253 288 (11) an 
BJF (DPPD) 228 208(1) 240(1IIs)e 258 304 (11) 
BLE 208 (1) 251 288 (11) - 
Fleetol-H 225 212(1) 236 (11) 285 310(IIIs) 
Neozone-A (PANA) 2171) 236 253 (11) 288 340(IIIs) 
Neozone-D (PBNA) 220(1) 232 27211) 283 310(1IT) 
Rantofliex-AW 230(1) 300 350 (IIa) 
Bantofiex-K 256 (1) 278 31011) 
Santoflex-BX 208 (1) 219 256 (11) 278 
Btabalite 218 212(1) 250(11) 272 204 (11 Is) - 
Thermofiex 244 208 (1) 245 (111s) 253 288 (11) - 
Thermofiex-A 220 (1) 232 272111) 282 310(II) 
MBT 2344 230(11) 238(111) 272 325 (1) 


Por each antioxidant maxima are designated I, II, and III in descending order of intensity. 
denotes slight maximum 


Continue the distillation until about 150 ml. of distillate are collected or until 
most of the alcohol has been distilled from the mixture. The appearance of 
foam in the boiling, alkaline solution indicates that the bulk of the alcohol has 
been distilled. Concentrate the distillate by boiling, and finally evaporate to 
dryness in a 110° C oven. Boil the dried residue gently with 2 or 3 ml. of 
chloroform and filter to separate the more soluble amine hydrochloride from the 
sodium and ammonium chlorides. Evaporate the chloroform at 70° C, and 
identify the dried amine hydrochloride by the x-ray diffraction method of 
Brock and Hannum", 

Separation and identification of acid, basic, and neutral materials.— Dilute 
the alkaline residue from which the amine was distilled with 50 ml. of water, 
allow it to cool, and then subject it to an extraction procedure for separating 
the nonvolatile neutral, basic, and acidic materials. 

The liquid-liquid extraction procedure used is similar to that employed by 
Braus, Middleton, and Ruchhoft for separating the components of organic 
industrial wastes. A schematic diagram of the separation procedure is given in 
Table V. 

The neutral fraction thus obtained normally contains the amine antioxi- 
dants, which can be identified by their ultraviolet absorption characteristics. 
Table VI lists the principal maxima and minima of the antioxidants included in 
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this study. Color tests are also helpful in identifying these antioxidants. The 
tests of Burchfield and Judy" as given below have been extremely useful. 

The basic fraction will contain the guanidines, which can be identified by 
their x-ray diffraction diagrams. The principal diffraction maxima, together 
with the relative intensities of diphenylguanidine, triphenylguanidine (TPG), 
and di-o-tolyl-guanidine (DOTG), are listed in Table VII. In order to eliminate 
interferences due to polymorphism, all samples were recrystallized, by evapora- 
tion to dryness from chloroform, in a 110° C oven before the x-ray data were 
obtained. 

Taste VII 
X-Ray Dirrraction Data oF GUANIDINES 


Diphenylguanidine Triphenylguanidine Di-o-tolylguanidine 
Pc) (DOTG) 


de 
10.36 
6.96 
6.43 
6.07 
5.06 
4.68 
4.51 
4.19 
3.95 
3.80 . : 
3.63 3.7 3.0: 0.05 
3.49 3.56 0.05 
0.05 
0.03 


1.69 


¢d. Interplanar spacing in Angstrom units calculated from Bragg’s law where d = Tan’ h is wave 


length of characteristic CuKa radiation, and 4 is one half the angle of diffraction. 
Relative intensity 


The acidic fraction will contain 2-mercaptobenzothiazole, if a benzothia- 
zole-type accelerator is used. 2-Mercaptobenzothiazole is identified by its 
ultraviolet absorption characteristics given in Table VI. Other acidic thiazoles 
and related acidic materials will be isolated in this fraction. They can usually 
be identified by their ultraviolet absorption characteristics or x-ray diffraction 
diagrams. 

Test for carbon disulfide.—Transfer 10 ml. of the alcoholic sodium hydroxide 
solution from the carbon disulfide absorption tube to a test-tube and make the 
solution weakly acid by the addition of glacial acetic acid. Add 5 ml. of 1 per 
cent aqueous copper sulfate and shake the tube thoroughly. If carbon disulfide 
is absent, a blue solution or a blue precipitate results. The blue precipitate will 
dissolve upon the addition of several drops of concentrated nitric acid. When 


2.99 0.07 2.70 0.19 
2.91 0.04 
2.64 0.02 
2.54 0.04 
2.44 0.02 
2.41 0.02 
2.31 0.04 
2.21 0.04 
2.14 0.04 
2.01 0.02 
1,93 0.02 
0.04 
0.04 
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carbon disulfide is present, the precipitate is yellowish green, and addition of 
nitric acid and reshaking leave a yellow precipitate of the copper xanthate. 

Color tests for antioridants“.—Test Solutions. Stannic Chloride Solution. 
Dissolve 14.7 ml. of fuming stannic chloride in anhydrous analytical reagent 
grade benzene and make the volume up to 250 ml. 

Amy! Nitrite Solution.—Dilute 5 ml. of amyl nitrite to 100 ml. with benzene. 

Test I. Stannic Chloride-Amyl Nitrite Reaction.— Dissolve approximately 
1 mg. of the basic fraction in 5 ml. of benzene. Add 1 ml. of stannic chloride 
solution and 3 drops of amyl nitrite solution. A red precipitate indicates the 
presence of Stabilite. 

Test II. Stannic Chloride-Benzotrichloride Reaction.—Dissolve approxi- 
mately 1 mg. of the neutral fraction in 5 ml. of pure ethylene dichloride. Add 
1 ml. of stannic chloride solution and 2 drops of benzotrichloride. BLE (an 
acetone-diphenylamine condensation product) gives a violet color with this 
test, differentiating it from AgeRite Stalite (a mixture of mono- and dihepthyl- 
diphenylamines), which gives an insignificant yellow color. 


INTERPRETATION OF RESULTS 


The accelerators used in the rubber product are determined by the frag- 
ments or combination of fragments identified. A knowledge of normal com- 
pounding practices will aid in reconstructing the accelerator system used. In 
general, the detection of a thiazole, a guanidine, or carbon disulfide will classify 
the accelerator as to type—namely, a thiazole, usually 2-mercaptobenzothiazole 
or a derivative, a guanidine, or a thiuramsulfide or dithiocarbamate. The 
specific amine identified, if any, designates the particular amine activator, 
sulfenamide, thiuram sulfide, or dithiocarbamate used. Table IV lists the 
accelerators, which are indicated by the components identified. 

Although the antioxidant is usually identified by its ultraviolet absorption 
characteristics, some antioxidants are indicated by color reactions inherent in 
the procedure. Antioxidants containing N,N’-diphenyl-p-phenylenediamine 
(DPPD) and di-p-methoxydiphenylamine (Thermoflex) are indicated by a 
green or blue-green color in the cooled extraction medium. When Thermoflex 
is present, the color turns red as the extraction medium is made alkaline with 
sodium hydroxide. If DPPD is present, the alkaline solution is a yellow-brown 
color. Other color tests are used to distinguish between antioxidants having 
similar ultraviolet absorption characteristics. Consequently BLE can be dis- 
tinguished from AgeRite Stalite by color test II (stannic chloride-benzotri- 
chloride reaction). 

N,N’-Diphenylethylenediamine (Stabilite) is the only one of the antioxi- 
dants studied which was recovered in the basic fraction. Stabilite can be 
identified in the presence of the guanidines by color test I (stannic chloride- 
amyl nitrite reaction). 

The xanthate test was found to give a good positive test for carbon disulfide 
in the case of thiuram and dithiocarbamate type accelerators, and a negative 
test with other accelerators. If a more sensitive test is used, accelerators other 
than thiurams and dithiocarbamates may give a slight positive test for carbon 
disulfide and confuse the identification. 


DISCUSSION 


One disadvantage of this procedure is that some accelerators give identical 
decomposition products. As a result, it is impossible to differentiate between 
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2-mercaptobenzothiazole, 2,2’-dithiobisbenzothiazole, and 2-mercaptobenzo- 
thiazole, zine derivative (Zenite Special). Similarly, no distinction can be 
made between thiuram sulfides and dithiocarbamates containing the same 
amine. This disadvantage is minimized in view of the fact that these accelera- 
tors undergo interconversion or decomposition during vulcanization, and identi- 
fication of the original accelerator is always difficult. 

The identification of accelerators and antioxidants in aged vulcanizates 
introduces the problem of decomposition due to aging. Burchfield and Judy 
have recognized this difficulty in the identification of antioxidants. No de- 
tailed study of aged samples was made in the present investigation. It was ob- 
served, however, that 2-(morpholinothio)benzothiazole (NOBS Special) could 
not be identified in aged stocks and was difficult to identify in freshly cured vul- 
canizates. Santocure and DPG, on the other hand, could be identified easily 
in vulcanizates aged as long as three years. Antioxidants isolated from aged 
stocks gave ultraviolet absorption characteristics which were generally more 
difficult to identify. 

Mixtures of antioxidants, as would be expected, are more difficult to 
identify, but they can usually be resolved by careful examination of the ultra- 
violet absorption data and by using color tests. Mixtures of accelerators gen- 
erally do not present too much of a problem, since their decomposition products 
usually occur in different fractions. 

To demonstrate the usefulness of the method in identifying mixed accelera- 
tors and antioxidants, a vulcanizate was prepared containing Santocure, Ethyl 
Tuads, TPG, BLE, and Santoflex BX (a mixture of 6-phenyl-1,2-dihydro-2,- 
2,4-trimethylquinoline and DPPD). All five of the isolated fractions contained 
at least one product. The identification of cyclohexylamine and MBT indi- 
cated the presence of Santocure. Diethylamine and carbon disulfide indicated 
the use of Ethyl Tuads or zine diethyldithiocarbamate (Ethyl Zimate). TPG 
was identified in the basic fraction. BLE, DPPD, and 6-phenyl-1,2-dihydro- 
2,2,4-trimethylquinoline (Santoflex B) were all indicated to be present in the 
neutral fraction. As Santoflex B and DPPD partially obscure the ultraviolet 
absorption characteristics of BLE, the presence of the latter is confirmed by 
color test IT. 

The extracted portion of the softeners used in compounding will usually be 
isolated in the neutral fractiop. If these materials exhibit characteristic ultra- 
violet absorption, they could possibly interfere with the identification of the 
antioxidants. However, in the present study, no undue interference was en- 
countered from either Paraflux or pine tar. This is primarily due to the fact 
that the aqueous alcohol extraction medium has little solvent power on softeners 
that are insoluble in water. 

The presence of large amounts of oils, in oil-extended polymers, interferes 
seriously with the identification of antixoidants. In such cases it may be nec- 
essary to resort to chromatographic techniques before satisfactory results can 
be obtained. 


APPLICATIONS 


The procedure described here is offered as a new approach to the determina- 
tion of accelerators and antioxidants in rubber products. It has been applied 
successfully to both vulcanized and unvulcanized rubber compounds. It is 
equally useful in the analysis of latex products and rubber cements. Data on 
24 accelerators and 12 antioxidants have been obtained in this study. 

The method has been used also in the identification of new accelerators, 
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The analytical scheme is such that it will include many of the accelerators which 
are likely to be developed in the near future—for example, the recently reported 
accelerator, tert-butyleulfenyldimethyl dithiocarbamate (Philcure-113)'*, has 
been identified by the method. The procedure was modified slightly to include 
the identification of the thiol portion of the molecule (see Table IV). 

The method will also have use in identifying some of the newer combinations 
of accelerators, such as the combination of the thiuram and guanidine types 
which has been recommended for use in the vulcanization of Neoprene Type 
W's, 


SUMMARY 


A new, simple, and comprehensive approach to the identification of the ac- 
celerators and antioxidants used in rubber products is described. This proced- 
ure is unusual in that it utilizes the tendency of accelerators to decompose during 
mixing or vulcanization, or on extraction from compounded stocks. The ac- 
celerator fragments are isolated using distillation and liquid-liquid extraction 
principles. The identification of the fragments is simple, rapid, and unambigu- 
ous. The accelerators used are then determined from a knowledge of the de- 
composition behavior of known compounds. The antioxidants are recovered 
unchanged and can be identified by their ultraviolet absorption characteristics 
and color tests. This method is applicable to all types of rubber products, 
including cements, and is particularly valuable in the identification of acceler- 
ators which decompose on mixing, vulcanization, or extraction. Most of the 
commonly used accelerators and amine antioxidants can be classified or identi- 
fied by the analytical scheme described. The procedure will be useful in identi- 
fying many accelerators and antioxdiants which may be developed in the 
future. 
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COLORIMETRIC DETERMINATION OF 
PHENYL-2-NAPHTHYLAMINE 
IN RUBBER * 


P. Men&Sfix ano D. Brovutfk 


Synrueric Reusser Researcn Inerirrere tn GorrwaLpov, 


For identifying antioxidants in rubber, several types of color reactions are 
mentioned in the literature’. Burchfield and Judy? classify these reactions in 
six groups as follows: 


1. Reaction of SnCl, and amyl nitrite. 
Reaction of SnCl, and trichlorobenzene. 
. Coupling reaction of the antioxidant with diazotized p-nitroaniline. 
. Oxidation by benzoyl peroxide. 
. Reaction of indamine. 
. Reaction of SnCl, and bromine. 


The authors have arranged these reactions in a chart which shows readily 
how they can be used for the identification of several current antioxidants 

Further a work of Deal* should be brought to attention, which mentions 
five new types of color reactions of antioxidants with nitrie and sulfurie acid 
and with sulfurie acid with the additions of ammonium persulfate, molybdenum 
trioxide, and selenium dioxide. 

A study of these color reactions was a stimulus to us to work out quantita- 
tive colorimetric procedures. The most suitable color reaction for the phenyl- 
2-naphthylamine was with diazotized p-nitroaniline. A water solution of this 
substance, if added to an acetone solution of phenyl-2-naphthylamine, produced 
an intense red color. The intensity of the coloration increases gradually on 
evaporation of the acetone, and it is therefore recommended to take the photo- 
metric measurement immediately after the addition of the coupling agent to 
the sample. The presence of compounds with amino groups (for example, 
accelerators) interferes with the determination. 


SOLUTIONS EMPLOYED 

1. Coupling agent.—1\ g. of p-nitraniline was dissolved in a mixture of 25 ml. 
coned. hydrochlorie acid and 25 ml. water, and the volume was repleted with 
water to 100 ml. For the preparation of diazotized p-nitroaniline, 25 ml. of 
this solution was pipeted out, 5 ml. of 2.5% solution of sodium nitrite was added 
to it, and the mixture was left 15 minutes to react 

2. Standard solutions of amine.—0.\ to 2.0 mg. of phenyl-2-naphthylamine 
was dissolved in acetone and the volume made up to 100 ml. 


EXPERIMENTAL PART 


0.7 mg. of phenyl-2-naphthylamine was dissolved in acetone and the volume 
repleted to 100 ml. After the addition of 1 ml. of the coupling agent, the de- 
pendence of extinction on the wave length of the light employed was measured. 


* Translated for Runnen Cuemierny ann Tecuno by Louis A. Helwich from Chemick¢ Primyd, 
Vol. 5(30), No. 5, pages 212-213, May 1955 
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Extinction 


As can be seen from the curve in Figure 1, the maximum extinction found 
was around 530 mu. 

To prove the validity of the Lambert-Beer law, standard samples were 
prepared by dissolving 0.1 to 2.0 mg. of phenyl-2-naplithylamine in 100 ml. 
acetone. To these solutions was added | ml. of diazotized p-nitroaniline (1 ml. 
of coupling agent for 100 ml. of acetone solution of pheny|l-2-naphthylamine) 
and the measurement was made immediately. The intensity of the coloration 
developed was measured by a Pulfrich photometer, using a light-green screen 
No. 6, passing the light of wave length 530 my (extinction maximum—see 
Figure 1), in a cuvette of 10 mm. side-length, which allowed the measuring to be 
made above and also below the concentration of 1.0 mg. of phenyl-2-naphthyl- 


0.8 
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amine in 100 ml. of acetone. The resulting extinction was taken as a mean 
value of 10 measurements. 

A curve was obtained which shows the linear dependence of extinction on 
the concentration of phenyl-2-naphthylamine, in the range between 0.1 and 
2.0 mg. in 100 ml. of the solution (see Figure 2). The extinction, measured 


E = f(c) 


0.1 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.6 2.0 
mg. per 100 ml. 


2, 


under the given conditions, gives directly the mg. of phenyl-2-naphthylamine 
(that is, the molar coefficient K is equal to 1). 

In measuring the extinction of the prepared sample, it was found that the 
intensity of coloration in open cuvettes gradually increases with time. 

Thus the extinction of the solution was: 


Measured immediately 1.14 
After standing one hour 1.18 
After standing two hours 1.24 


PROCEDURE FOR COPOLYMERS 


The determination of phenyl-2-naphthylamine in copolymers is made as 
follows. Approximately 1 g. of weighed sample of Buna is extracted by acetone 
for 3 hours. After the phenyl-2-naphthylamine has been removed by extrac- 
tion, the apparatus is rinsed by acetone, and the volume of the united extracts, 
after cooling to room temperature, is made up with acetone to 100 ml. From 
this solution an amount of sample is pipetted out, which, after making up ite 
volume with acetone to 100 ml. and adding 1 ml. of coupling agent, would 
produce an intensity of coloration lying within the limits of validity of the 
Lambert-Beer law. From the extinction found, which gives directly the num- 
ber of milligrams of phenyl-2-naphthylamine in 100 ml. of the acetone solution, 
the percentage sought is then computed. 


| 
2.0 | 
1.8 
1.6 
1.4 
1.2 
1.0 
0.8 
0.6 
0.4 
0.2 
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COMPUTATION 


Weighed amount of copolymer a g., acetone extract made up to 100 ml., 
10 ml. pipetted-out and again the volume made to 100 ml. The extinction 
found gives b mg. of phenyl-2-naphthylamine in the original pipetted 10 ml. 

The whole acetone extract therefore contains 10 b mg. of phenyl-2-naph- 
thylamine. 


% phenyl-2-naphthylamine = 


To test the method, a determination of the amount of phenyl-2-naphthyl- 
amine in Buna-SS was made. The average of five determinations was 1.68 
per cent. New determinations were made after adding and mixing 0.5 and 
1.0 per cent, respectively, of phenyl-2-naphthylamine with the same samples. 

The percentages of phenyl-2-naphthylamine found were: 


1. After adding 0.5% amine 2. After adding 1.0% amine 
2.15 2.62 
2.63 
2.64 
2.62 
2.64 


Average 2.15 Average 2.63 


As an average of 5 determinations in these artificial samples, 2.15 and 2.63 
per cent, respectively, of phenyl-2-naphthylamine were found. 


SUMMARY 


A colorimetric method was worked out for the determination of the amount 
of phenyl-2-naphthylamine in butadiene-styrene copolymers based on the 
coupling reaction of phenyl-2-naphthylamine with diazotized p-nitroaniline. 
The method was found practically applicable. It is accurate, and the procedure 
is simple. 
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VOLATILE ACIDS AND THE QUALITY OF 
CONCENTRATED NATURAL LATEX * 


A. 8. Cook anp K. C. Sekar 


Cuemica, Division, Reser Reseancn Inertrrere of Matava, Kuata Manaya 


Much attention has been paid to the variation in the properties of natural 
rubber latex', and important among the causes of variation are the acidie prod- 
ucts of decomposition, which have considerable effects on conductivity’ and 
mechanical stability*.. The importance of acidic components on the chemical 
stability of latex compounded with zine oxide has also been well discussed?, 

Until recently the acidie content of latex has usually been determined by the 
KOH no. test, which estimates most of the acidic ions in latex, but has the dis- 
advantage that no differentiation is made between the long-chain stabilizing 
acids and the short-chain destabilizing onest. In 1953, Philpott and Sekar® 
showed that the short-chain volatile fat acids can be determined by steam dis- 
tillation of serum from acid-coagulated latex. They have indieated that vola- 
tile acids develop rapidly in fresh and lightly ammoniated latex and that the 
presence of volatile acids affects the properties of concentrated latex 

The determination of volatile fat acids has been found to be a useful method 
for controlling the quality of latex concentrate in commercial production. In 
this paper, effects of volatile acids on the properties of ammoniated centrifuged 
concentrate and factors affecting the development of volatile acids are discussed. 


EXPERIMENTAL 


The determinations of dry rubber content, total solids, ammonia and KOH 
no. were carried out using the methods recommended by the American Society 
for Testing Materials*. Mechanical stability was determined at a dilution of 
51.5 per cent total solids, using the 1951 ASTM method’ and the Klaxon 
stability apparatus’. 

Specific conductivity was measured at 30° C, using a Cambridge con- 
ductivity bridge, which is based on the Wheatstone bridge principle. 

The method employed for volatile fat acid number (VFA no.) was a simpli- 
fication of the macro-scale, constant volume method described by Philpott and 
Sekar®. For 118 estimations, a marked relationship was found to exist between 
the titer value of the first 50 ml. of distillate (7), using 0.01 N sodium hydroxide 
and the calculated titer value for the total volatile fat acids in 50 grams of latex 
(y). The regression equation was y = 1.43 + 9.182. About half an hour was 
required for this simplified method, compared with about two hours for the full 
determination. Details of the method used are as follows 

Weigh 50 g. of latex of known total-solids content. Add 100 ml. of distilled 
water, then slowly add 20 ml. of 5 N sulfuric acid mixed with 5 ml. of distilled 
water to coagulate the latex. Filter the serum through a Buchner funnel 
Pipette 100 ml. of clear serum into the distilling flask and add 50 ml. of distilled 
water. Add a drop of antifoaming agent (Siotol-AF). Steam distill at con- 


* Reprinted from the Journal of the Rubber Reasearch Institute of Malaya, Vol. 14, pages 407-422, Dec- 
ember 1955. 
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Taste I 


PREPARATION oF CENTRIFUGED CONCENTRATE WITH 
Increasinc VFA No. 


Field latex Concentrate (tested on the day of centrifuging) 


Specific Mechan- 
conduc- ical sta- 
Age of field Total tivity bility 
latex when VFA solids VFA KOH (mhos (seconds) 
centrifuged no. (Yow.) (Fowt.) (Fowt.) no. no. 


1. Latex from clone Tjir 1 (41.66% total solids) 


6 hours 0.03 0.43 I 
(b) 5 days 0.45 0.26 59.23 
(ec) 11 days 0.88 0.36* 57.43 


2. Mixed clonal and seedling latex (42.32% total solids) 


(a) 6 hours 0.03 0.40 60.11 
(b) 3 days 0.18 0.36 
(e) 4 days OAl 0.34 
(d) 10 days 1.01 0.29 


* Ammonia increased after 10 days before centrifuging. 


2500 


9 


~ 

G 


Mechonico/ stobility 
© 


JO 60 90 120 
Age of concentrate (days) 


o No 0-02 
V.F.A. No. 
e V.F.A. No 


Fie. of mechanical stability on storage of concentrates 
made from T)ir 1 latex at three levels of VFA no, 
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0.72 0.02 0.34 3.55 65 
0.78 0.21 0.71 4.87 68 
1.08 0.53 1.24 6.87 53 
0.83 0.02 0.37 3.27 63 
0.76 0.12 0.52 3.89 59 
0.76 0.25 0.75 4.82 56 
0.96 0.50 1.10 6.55 89 
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(seconds) 


Mechanical stability 


6) JO 60 90 /20 /SO 1/80 
Age in days 


© VFANo. 0-02 VFA.No. O22 
x V.FANo O-2 VFA. No 050 


Fia. 2.—Increase of mechanical stability on sto: of concentrates made from mixed 
clonal and seedling latex at four levels of VFA no. 


stant volume and collect 50 ml. of distillate in 15 minutes. Titrate the distillate 
with 0.01N sodium hydroxide, using phenolphthalein as indicator. 

Determine a blank titration of 50 ml. of distillate from 20 ml. of 5N sulfuric 
acid and 130 ml. of distilled water with a drop of antifoaming agent. 


CALCULATION 


Subtract the blank titer value from the serum distillate titer value to give a 
corrected titer value (x). Calculate the titer value (y) of volatile acids in 50 g. 
of latex from the equation: 


y= 143+ 9.182 


The VFA no. is usually reported as g. of potassium hydroxide per 100 g. total 
solids. Therefore: 


000561 * 100 & 
VFA no. = xX | x2 
Y, total solids 


0.1122 x y 
Y, total solids 
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All determinations and observations were made in duplicate, and each ex- 
periment was repeated on a separate bulk of latex collected on a different day. 


VOLATILE ACIDS AND STABILITY 


Field latex was collected from two sources at the Rubber Research Institute 
Experiment Station, namely, latex of clone Tjir 1 and old mixed clonal and 
seedling latex. The latexes were ammoniated to 0.3 per cent NH, and four 
gallon lots were centrifuged immediately. Other samples were retained until 


2000 


\ 


O 
© 


(seconds) 


4 
~ 
Cc 


V.F. A. No. 


Fie, 3.--Effeet of addition of ammonium acetate on the mechanical 
stability of a well preserved concentrate 


the VFA no. had reached values of about 0.2, 0.4, 0.8 and 1.0 before centrifug- 
ing. Concentrates were immediately ammoniated to over 0.7 per cent NH. 
Data on the development of volatile acids and initial tests on the concentrates 
are given in Table I. 

Samples of the concentrates were stored in winchester quart bottles and 
tested after 7, 14, 21, 28, 60, 90, 120, 150, and 180 days. Storage effects on 
mechanical stability are shown in Figures | and 2 and changes in other proper- 
ties are given in Tables II and III. 

The main effect of the presence of volatile acids on mechanical stability was 
the prevention of increase on storage. This was very marked with the Tjir | 
concentrate when with a VFA no. of 0.02 the mechanical stability reached a 
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value of over 2000 seconds after six months, whereas with a VFA no. of 0.21 the 
mechanical stability remained constant after three weeks at values about 300 
seconds. 

Philpott and Sekar* state that the volatile acids consist mainly of acetic 
acid, which is present in the latex serum as ammonium acetate. They have 
shown that mechanical stability was depressed by the addition of ammonium 
acetate. The effects of adding varying amounts of a 20 per cent solution of 
ammonium acetate to six months old concentrate (see Tables I and III 2(a)) 
are shown in Figure 3. 
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Fic. 4.—The correlation between electrical conductivity and VFA no. 


The increase of the mechanical stability on storage is usually attributed to 
the slow formation of long chain fat acid ammonium soaps, which probably 
account in part for the slow increase in KOH no. on storage. When a latex 
has a high VFA content at the outset the slow formation of the long chain acid 
soaps still occurs (see Tables II and IIL), but their normal effect on the mechanical 
stability is negatived by the presence of the VFA anions. It is suggested that 
this depressant effect on stability is the result of the increase in ionic strength 
which accompanies high VFA content (see Table 1). This increased ionic 
strength results in increased electrical conductivity, but a high conductivity in 
a given latex is not solely caused by a high VFA content because the con- 
ductivity of a fully preserved latex increases on storage, even when the VFA 
remains unaltered. 
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VOLATILE ACIDS IN LATEX 


VOLATILE ACIDS AND CONDUCTIVITY 


Stamberger® has suggested that the rate of degradation in latex can be traced 
by conductivity determinations, and Murphy” and Paton" have shown that 
specific conductivity has a linear relationship with KOH no. It will be seen 
from tables II and III that specific conductivity increases both with the VFA 
no. and the KOH no. of latex concentrate. Madge" suggests that long-chain 
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Fic. 5.--Effect of different levels of ammoniation on the increase in VFA no 


ammonium soaps contribute more to the KOH no. than to conductivity, and it 
seems likely therefore that there may be a direct relationship between VFA no. 
and conductivity in freshly ammoniated field latex, where the long chain soaps 
have not usually been formed to any great extent. 

Three latexes from different sources were ammoniated to about 0.35 per cent 
NH, and stored in stoppered demijohn bottles and in loosely covered buckets. 
Specific conductivities and VFA nos. were determined at approximately the 
same time each day for a week and the results are plotted in Figure 4. Statisti- 
cal examination indicates a significant linear relationship between specific 
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conductivity * 10° (y) and VFA no. (z) and a regression equation for the data 
is y = 4.50 + 4.7z. However, an insufficient number of latexes have been 
examined to justify adoption of this equation as a general rule. In practice, a 
field latex conductivity exceeding 5 * 10-* mhos indicates a VFA no. above 0.1. 
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V.F. A. No. 
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Age of latex (days) 


x O-/5%, NH 
20-05% HCHOr0O-/57, NH; 
20% NH; 
° 0-057 HCHOt 0-207, NH; 
00 3% WN 
5% HCHO+0-37, NH; 
Fie. 6.— Addition of formaldehyde delays the rise of VFA no. for several days 
The measurement of specifie conductivity is quicker than the usual method 
for determining volatile acids, and might prove to be a useful method for factory 
control when many bulks of field latex have to be rapidly tested for quality. 
DEVELOPMENT OF VOLATILE ACIDS 


Since the formation of volatile acids in latex is mainly due to the action of 
micro-organisms®, the quality of concentrate should depend largely on inhibition 
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of contaminating bacteria by adequate preservation of the field latex. The 
following factors have been investigated : 

Ammonia content.—Four gallon samples of mixed seedling and clonal latex 
were ammoniated to 0.2, 0.3, 0.4 and 0.5 per cent NH, and stored in buckets 
with loose covers. VFA nos. were determined each afternoon until values of 
about 0.5 were reached. The development of volatile acids with age of the 
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Fig. 7.--Effect of delay in ammoniation on the increase in VFA no 


latex is shown in Figure 5. The curves show that the formation of volatile 
acids is delayed for a certain time, depending on the amount of ammonia pres- 
ent, thereafter they increase rapidly, and this rapid increase usually takes place 
after a value of 0.1 is reached. 

Use of formaldehyde.—Similar samples of latex to the above were treated 
with 0.05 per cent formaldehyde one hour before ammoniating to 0.15, 0.2 and 
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0.3 per cent NH. The development of volatile acids is compared in Figure 6 
with development in latex containing 0.3 per cent NH; only. The addition of 
formaldehyde delayed the production of volatile acids for longer periods than 
did comparable quantities of ammonia alone. Centrifuged concentrate pre- 
pared from three-days-old field latex treated with formaldehyde and ammonia 
compared favorably in properties with concentrate prepared from fresh field 
latex containing 0.3 per cent NH;. The addition of 0.05 per cent formaldehyde 
to 0.3 per cent ammoniated field latex immediately on receipt at the factory was 
equally effective in delaying the onset of volatile acid formation. 
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Fie. 8.—Effect on VFA no. of adding some of the previous days’ crop. 


Time of ammoniation.—Philpott and Sekar* have shown that volatile acids 
develop rapidly in fresh field latex. The time of ammoniation, therefore, 
should have an important bearing on the quality of the concentrate produced. 
Samples of mixed clonal and seedling latex were ammoniated to 0.3 per cent 
NH, at 12 noon, 2 p.m., 3 p.m.,4p.m.,and5p.m. The increase of VFA no. on 
storage is shown in Figure 7. Delay in ammoniating caused an increase in the 
VFA no. of the field latex, which would be reflected in a higher VFA no. in the 
concentrate. 

Mixing old and new field later,—It is sometimes a practice in latex factories 
not to centrifuge all of each day’s latex within twenty four hours of collection, 
but to mix freshly collected latex with some of the old material. To find the 
effect of this practice on the VFA no. of concentrate, 90 gallons of mixed seedling 
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and clonal latex was collected and ammoniated to 0.3 per cent NH, before noon. 
Sixty gallons was centrifuged during the next morning and another 60 gallons 
of freshly ammoniated latex mixed with the residual 30 gallons. This proced- 
ure was repeated for seven days. VFA nos. were determined immediately 
before and after centrifuging and are plotted in Figure 8. It is evident that 
mixing of old and new field latex has a cumulative effect on the VFA no. and 
the quality of the concentrate. 


RELATION BETWEEN VFA NO. OF FIELD LATEX, 
CONCENTRATE AND 8SKIM 


Since the VFA no. of well preserved centrifuged concentrate remained 
sensibly constant during six months storage, it would appear that the amount 
of volatile acids in the concentrate depended directly on the amount of volatile 
acids in the ammoniated field latex. Theoretically, the VFA no. of a 60 per cent 
d.r.c. concentrate should be about one-third to one-half of the VFA no. of a 
35 per cent d.r.c. field latex, depending on the total solids content of the latex 


Taste V 
Recentrirucina Low Grape CONCENTRATE 


Recentrifuged 
Centrifuged concentrate after 
Test concentrate diluting with water 


d.r.c. (Ywt.) 57.76 63.87 
Total solids (%wt.) 59.63 64.63 
Ammonia (“wt.) 0.79 0.87 
V.F.A. no. 0.18 0.07 
KOH no. 0.71 0.34 
Mechanical stability 263 778 
(seconds) 
Odor after neutralization Slight putrefaction Sweet 
with borie acid 


and assuming that the volatile acids are present in the serum. To investigate 
this, three different types of latex were collected, ammoniated to 0.3 per cent 
NH, and centrifuged after varying time intervals. 

The VFA nos. were determined on the ammoniated field latex and on the 
concentrate and the skim after centrifuging. The results are given in Table IV 
and the VFA no. are compared by expressing the volatile acids as g. KOH per 
100 g. serum, which is taken as 100-d.r.c. The concentration of volatile acids 
in the serum of the field latex does not differ significantly from that of the serum 
of the concentrate, suggesting that volatile acids are not associated with the 
rubber phase. The concentration of volatile acids in the concentrate is signifi- 
cantly greater than that in the serum of the skim. Moreover, this difference 
between concentrate and skim increases with increasing volatile acid content. 
This indicates that some volatile acids are removed in the sludge during cen- 
trifuging. 

PURIFYING LOW GRADE CONCENTRATE 

As the volatile acids are present mainly in the serum, they can be removed 

by dilution and reconcentration of the latex. Table V shows the improvement 


obtained by diluting a poor quality concentrate with water to approximately 
35 per cent d.r.c. and recentrifuging. 


VOLATILE ACIDS IN LATEX 


DISCUSSION 


Volatile acids in centrifuged latex concentrate have been shown to affect 
considerably the mechanical stability. Volatile acids develop rapidly in the 
field latex before centrifuging, and since their formation is attributed to con- 
taminating micro-organisms, the first essential for the production of high quality 
concentrate is cleanness at all stages of preparation. The acids are produced 
in fresh latex and ammoniation at an adequate level should take place as soon 
as possible after tapping. A small quantity of formaldehyde, followed by less 
than the normal amount of ammonia, appeared to give good preservation of 
field latex. After a few days, volatile acids develop rapidly in latex ammoniated 
to between 0.2 and 0.5 per cent NH, and since between one-third and one-half 
of the VFA no. of the field latex is transmitted to the concentrate, it is advisable 
to centrifuge field latex soon after collection, preferably within twenty four 
hours. Newly collected latex should not be mixed with old ammoniated field 
latex before centrifuging. Poor quality concentrate having a high VFA no. 
can be purified by diluting with water and recentrifuging. 

In many instances specific conductivity may be used as a means of control- 
ling the quality of incoming field latex to be processed as concentrate, since it is 
related to the VFA no. 


SUMMARY 


A simplified procedure for determining volatile fat acids in ammoniated 
latex is presented. Specific conductivity can be used to indicate an approxi- 
mate value of the VFA number. Volatile acids can be formed in field latex 
before and after ammoniating, the extent depending on a number of factors, 
including time of ammoniation, amount of ammonia added, and period of 
storage. A small amount of formaldehyde added before ammoniation delays 
the development of volatile acids. The VFA no. of a 60 per cent d.r.c. con- 
centrate lies between one-third and one-half of the VFA no. of the field latex 
from which it is prepared, and it is shown that the presence of moderate and 
high concentrations of volatile acids in the concentrate is associated with in- 
hibition of the normal increase of mechanical stability on storage. Low grade 
concentrate can be purified by recentrifuging and its mechanical stability 
increased. 
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DETERMINATION OF MAGNESIUM, TOTAL 
PHOSPHORUS, AND FREE PHOSPHATE 
IN RUBBER LATEX * 


M. E. Tunnicuirre 


Cuemicat Ressance Division, Researcn Centae, Rusper Co., Lrv., 
Dunvor, Expinoron, Biamincnam, 


INTRODUCTION 


It has been shown by Paton! that in latex concentrate of clone Glenshiels I, 
low stability and abnormal gelling characteristics are partly caused by an ex- 
cess of magnesium remaining in the concentrate, due to the field latex contain- 
ing too little phosphate to precipitate all the magnesium on ammoniation. 
Philpott and Westgarth? find that, in general, a low phosphorus and potassium 
content and a high magnesium content tend to be found in conjunction with 
low mechanical stability of ammoniated creamed latexes. Resing* has made a 
clonal survey of the phosphorus and magnesium contents of field latexes and 
finds a wide variation of the phosphorus/magnesium ratio. He has shown that 
a low phosphate/magnesium ratio in the field latex is correlated significantly 
with low mechanical stability of the concentrate. The determination of mag- 
nesium in latex concentrate is, therefore, of some importance, and since investi- 
gations concerning magnesium and ionic phosphate are complicated by the 
presence in latex of relatively large amounts of organic phosphate, a method for 
the direct determination of ionic phosphate would be advantageous. 

The amounts of magnesium likely to be encountered in latex concentrate 
may vary from about 0.002 per cent upwards, this figure representing the solu- 
bility of magnesium ammonium phosphate in the serum. The method chosen 
must be capable of reasonable accuracy at this level, and so gravimetric and 
volumetric methods were considered less suitable than a colorimetric procedure, 
such as that outlined by van der Bie‘. This method consists essentially of the 
precipitation of magnesium as magnesium ammonium phosphate from a solu- 
tion of the latex ash, followed by dissolution of the precipitate in acid. The 
phosphate content of the precipitate is measured by addition of molybdic acid 
and reduction of the phosphomolybdic acid with stannous chloride to molyb- 
denum blue. 

In the early stages of the present investigation, it became evident that re- 
producible results were not consistently obtained. This was at least partly 
due to the fact that the final color of both the test solutions and the blank were 
subject to inexplicable changes. It was concluded that the method required 
investigation on two points: 


(a) The precipitation of magnesium ammonium phosphate, for which 
Feigl* points out that there exists a “region of uncertain precipitation” 
for solutions 0.005 to 0.001 per cent with respect to magnesium and 
phosphate, and 
The conversion of phosphate to molybdenum blue. 


~~ ® Reprinted from the Transactions of the Institution of the Rubber Industry, Vol. 31, No. 5, pages 141-149, 
October 1955. 
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The reduction of phosphomolybdie acid to molybdenum blue is a complex 
reaction, the course of which depends on the nature of the reductant and the pH 
of the solution. Among the more common reductants that have been studied 
for this purpose are stannous chloride*, hydroquinone-sulfite mixture’, amino- 
naphtholsulfonic acid*, “amidol’”’, and ferrous sulfate”. It has been suggested"? 
that a positive error arising from a reduction of excess molybdate might result 
from the use of some reductants, and it was necessary, therefore, to establish the 
experimental conditions which would ensure a reproducible color proportional 
in intensity to the phosphate present. 

For the determination of total phosphorus, the ashing procedure needs to be 
considered in the light of the subsequent formation of molbydenum blue. 

The formation of molybdenum blue is of direct application to the determina- 
tion of free phosphate, so that for this determination the correct conditions are 
required for isolating the phosphate from substances which interfere with the 
production or measurement of the molybdenum blue color. 


EXPERIMENTAL 


MAGNESIUM 


1. Colorimetric measurement of orthophosphate.—The use of stannous chloride 
for the reduction of phosphomolybdie acid was investigated first, since, with 
this reagent, variable results had been obtained for determinations on latex 
samples. It was found that by taking a constant amount of phosphate, molyb- 
date reagent, and stannous chloride, a range of colors could be produced by 
altering the acidity of the solution. A similar range of colors was produced 
when the phosphate was omitted entirely, so that for the range of acidities in- 


vestigated the stannous chloride reduces the molybdate reagent itself. Keeping 
the acidity constant, solutions containing identical amounts of phosphate did 
not give reproducible optical densities, and there was always a variation of 
optical density with time. From this evidence it was decided that stannous 
chloride initiates a reduction which is not easily controlled, and so alternative 
reducing agents were considered. 

The color produced by a hydroquinone-sodium sulfite reducing mixture was 
found to be similarly inconsistent and unreliable in a wide range of experimental 
conditions; nor could a consistent relationship be established between optical 
density and o-phosphate concentration. 

Ferrous sulfate was the reductant finally adopted, using the method of 
Sumner”. It was found that the molybdenum blue color produced with this 
reagent was stable and reproducible. The effect of varying acidity was meas- 
ured, and it was found that 5 drops of 5 N sulfurie acid in 25 ml. produced no 
change of optical density. Solutions of varying phosphate content were re- 
acted with molybdate reagent and ferrous sulfate solution, and a linear relation- 
ship was found to exist between optical density and the volume of standard 
phosphate solution taken. 

With this reductant the blank reading is small and consistent, and is ac- 
counted for by the color of the ferrous sulfate. There is a slight development 
of blue color on long standing, due presumably to reduction of molybdie acid, 
but it is not sufficient to affect the reading within thirty minutes. 

2. Quantitative precipitation of magnesium ammonium phosphate.—A normal 
latex, free of solid magnesium ammonium phosphate, may have a magnesium 
content of 0.001 to 0.002 per cent, so that a 5-gram sample, which is the greatest 
amount of rubber that can comfortably be handled in the ashing process, gives 
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rise to 0.05 to 0.1 mg. magnesium. The experimental work in this section, 
therefore, was designed to discover whether the precipitation of this amount of 
magnesium is quantitative at the dilutions encountered. It was also necessary 
to check the stoichiometric relationship between the added magnesium and the 
determined phosphorus associated with it, in view of the possibility of precipitat- 
ing trimagnesium phosphate instead of magnesium ammonium phosphate. 
Two standard magnesium sulfate test solutions were prepared containing, 
respectively, 0.05 per cent magnesium (Solution A) and 0.001 per cent mag- 
nesium (Solution B). In order to determine the time required for complete 
precipitation, 5 ml. of solution A was added to excess sodium phosphate in the 
presence of anamonium hydroxide, and the precipitate was removed by filtration 
after two hours’ standing at room temperature. The filtrate was let stand for 
a further sixteen hours (i.e., overnight), and any resulting precipitate was 
filtered off. The phosphate in both precipitates was estimated by dissolving in 
dilute sulfuric acid, adding acid molybdate, and reducing with ferrous sulfate. 
This procedure was also followed with respect to a series of 5 ml. aliquots of 
solution B, allowing the precipitate to stand for sixteen hours before filtration. 


TasBLe I 
DETERMINATION OF MAGNESIUM IN STANDARD MAGNESIUM 
SULFATE SOLUTION 


Wt. of Mg taken Ist pptn. 2nd pptn. Total 
(mg.) (mg.) (mg.) (mg.) 


2.49 2.44 0.09 2.53 

0.0497 0.0560 0.0560 
0.0497 0.0475 0.0045 0.0520 
0.0497 0.0490 0.0490 
0.0497 0.0490 0.0490 
0.0497 0.0472 0.0060 0.0532 
0.0497 0.0505 0.0505 


The results are given in Table I, basing the figures on the assumption that 
the double phosphate is formed exclusively. 

From Table I it will be seen that a standing time of two hours, as recom- 
mended by van der Bie, is in some cases inadequate. Even overnight standing 
was occasionally insufficient for complete precipitation, and a further slight 
precipitate formed on standing for twenty-four hours. The standard proce- 
dure, therefore, which was adopted for subsequent determinations was to stand 
overnight before filtering, and retain the filtrate for a further twenty-four hours, 
collecting any further precipitate. 

The high recoveries of magnesium reported in the cases where two precipi- 
tates were determined separately arise no doubt from the double error involved 
in the two washings. This double source of inaccuracy will not occur during 
an actual determination. 

A much larger series of precipitations was made qualitatively with the ob- 
ject of ascertaining whether precipitation invariably takes place under these 
conditions. In no case did magnesium ammonium phosphate fail to precipi- 
tate, so these conditions are outside the “region of uncertain precipitation” 
described by Feigl* and the formation of the magnesium ammonium phosphate 
precipitate can be relied on at the 0.05 mg. level of magnesium. 


TOTAL PHOSPHORUS 


The essential steps in the determination of total phosphorus are dry ashing 
of the sample, hydrolysis of the phosphate in the ash to the ortho-form, and then 
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conversion of the o-phosphate to molybdenum blue by reduction of the phos- 
phomolybdate complex, as in the magnesium determination. The ashing pro- 
cedure was investigated in relation to the final color measurement. 

Following the procedure adopted by van der Bie, in which potassium 
nitrate was used as an ashing aid, it was found that the residual nitrous/nitric 
acid affects the stability of the molybdenum blue color when ferrous sulfate is 
used for the reduction, giving rise to a continuous increase in color with time. 


TABLE 2 
Recovery or Appep PHosrHnorus 
Total Pas Net 


found recovered 
(%) (%) 


(1) Reagent blank 
(2) Latex 0.082 —_ 
(3) Latex + std. PO, solution 0.025 0.107 0.025 
(4) Latex + std, PO, solution 0.050 0,130 0.048 
(5) Latex + std. PO, solution 0.075 0.156 0.074 
(6) Latex + std. PO, solution 0.100 0.183 0.101 


Ashing with potassium nitrate was also found to be somewhat violent, and 
there was the further disadvantage that the presence of sodium carbonate made 
it difficult to control the final avidity. The use of alternative ashing aids was, 
therefore, investigated. These included sodium carbonate/magnesium nitrate, 
ammonium nitrate, and magnesium nitrate alone. Magnesium nitrate, added 
to the rubber sample in the form of a concentrated alcoholic solution, was found 
most suitable. This substance begins to decompose at a low temperature, the 


oxygen evolved aiding the ashing of the rubber, and a basic residue is left below 
the temperature at which loss of phosphorus may be expected, Using mag- 


TABLE 3 
Tora, Puospuorus; Resuvrs 
Sample Phosphorus (%) 


(1) Bulk shipment 0.040, 0.043, 0.040 

(2) Twice centrifuged latex 0.017, 0.018 

(3) Bulk shipment 0.040,0.041 

(4) Twice centrifuged latex 0.016, 0.015 

(5) Bulk shipment 0.036, 0.038, 0.041 

(6) Electrodecanted latex 0.042, 0.046, 0.046 

(7) Electrodecanted and centrifuged latex 0.018, 0.019 

(8) Electrodecanted latex 0.036, 0.037 

(9) Centrifuged latex 0.034, 0.036, 0.038, 0.035 
(10) Twice centrifuged latex 0.015, 0.015, 0.016 
(11) Centrifuged latex 0.034, 0.032, 0.034, 0.034 


nesium nitrate for the ashing, the final molybdenum blue color normally re- 
mained constant in intensity, provided the ash was kept at 500° C for thirty 
minutes to complete the decomposition of magnesium nitrate. 

The modified procedure based on the above conclusions was then used to 
check the recovery of phosphorus from rubber. Regular increments of phos- 
phorus in the form of a standard phosphate solution were added to a sample of 
rubber latex. A control experiment showed complete recovery of phosphorus 
from a standard phosphate solution. The results are given in Table 2. 

Using the same procedure, Table 3 shows replicate results on a number of 
samples, from which an idea of the reproducibility may be gained. 
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FREE PHOSPHATE 


Phosphorus in latex appears to exist in three forms, free ionic phosphate, 
identifiable directly by the formation of molybdenum blue, combined phos- 
phate, which hydrolyzes to free phosphate, giving an increase in molybdenum 
blue color, and protein phosphorus, which forms an integral part of the rubber/ 
protein coagulum™. Direct measurement of free phosphate in latex is not 
possible, however, because the serum remaining after coagulation of rubber and 
protein gives a cloudiness with the molybdate reagent. The precipitate re- 
sponsible for the cloudiness is yellow, and becomes slightly blue after reduction, 
and its removal by filtration leads to low and variable results for the free phos- 
phate content, doubtless due to occlusion of molybdenum blue. In one case, 
however, that of a freshly redissolved freeze-dried serum, the solution remaining 
after coagulation of the protein remained clear on adding the molybdate re- 
agent, and so a direct free phosphate determination could be made. 

The evidence suggests that the interfering substances are uncoagulable 
proteins or their breakdown products, and so their removal on a cation-ex- 
change resin was attempted, since nitrogenous material had previously been 
found to be removed by this means". The resin, Zeokarb-215, was found to be 


TABLE 4 
DETERMINATION OF Free PHOSPHATE 
Sample Resin Phosphorus (%) 
Freeze-dried serum Zeokarb 215 
Freeze-dried serum None 
Electrodecanted serum Zeokarb 215 0 
0.0081, 0.0075, 0.0080, 0.0079, 
0.0079, 0.0077 
Glenshiels I skim Amberlite IR 112H 0.0028, 0.0031, 0.0030 
Electrodecanted serum Amberlite IR 112H 0.0076, 0.0075, 0.0076 


effective in removing the interference in some, but not all, cases. The choice of 
resin is, therefore, of some importance, and a resin which on account of its pore 
structure retains larger ionic structures is required. The resins, Amberlite 
IR 112H, Dowex 50 X1, Dowex 50 X2 and Dowex 50 X4, had been found to 
remove most nitrogen from latex serum, and these resins proved capable of 
removing the interfering material for all the sera investigated. 

The results of replicate determinations under a variety of conditions are 
given in Table 4. 

The results in Table 4 provide evidence that other forms of phosphorus are 
not interfering with the determination. There is agreement between the re- 
sults for the freeze-dried serum, with and without the use of the resin, and the 
values obtained for Glenshiels I skim are the minimum to be expected from the 
solubility of magnesium ammonium phosphate. Several other latexes tested 
have also shown this minimum free phosphate content of 0.002 to 0.003 per cent 
(as P). As direct confirmation of the noninterference of glycerophosphate, a 
concentrated solution of glycerophosphate was found to be unchanged with 
respect to its free phosphate content on passing through any of the cation- 
exchange resins used for the determination. 


ANALYTICAL PROCEDURES 


The analytical procedures adopted as a result of these investigations are 
outlined below. 
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REAGENTS 
Nitric acid, d. 1.4 
Sodium acetate solution Dissolve 50 g. hydrated salt in 100 
ml. water. 

Ammonium oxalate Saturated aqueous solution. 

Ammonium hydroxide d. 0.880 

Disodium hydrogen phosphate Dissolve 5 g. in 100 ml. water. 

solution 

Ammonium h pay 2 per cent. v/v 

Sulphuric aci r cent. v/v. 

Ferrous aioe: solution Dissolve 5 f- in 100 ml, i. cent 
(v/v) sulfuric acid. 1i8 solu- 
tion should be fresh! prepared. 

Ammonium molybdate reagent Mix equal volumes of 72 per cent 
ammonium molybdate and 10 N 
sulfuric acid. 

Standard phosphorus solution A Dissolve 1.9159 g. dried potassium 

1 ml. = 1.0 mg. PO; dihydrogen phosphate in water 
and os up to 1 liter. Add 

5 ml. chloroform. 
Standard py: solution B Take 10 ml. standard phosphorus 
1 ml. = 10 wg. POs solution A and dilute to | liter. 

Methy! orange indicator 

Magnesium nitrate 10 per cent solution. 

Trichloracetic acid A.R. 10 per cent solution. 

Amberlite IR 112H resin 

Hydrochloric acid 10 per cent aqueous solution. 


MAGNESIUM 


Weigh 5 g. of the dried film into a porcelain crucible, moisten with ten drops 


concentrated nitric acid, warm, and allow to stand for about one hour. Heat 
over a low bunsen flame until fuming ceases, then heat in a muffle furnace at 
500° C until all carbon is removed. If necessary, raise the temperature to 
700° C for a few minutes to remove the last traces of carbon. Place the 
crucible on a boiling water bath and digest the ash with one drop of nitric acid 
per 10 mg. ash in 5 ml. water for thirty minutes. 

To remove calcium add 0.5 ml. sodium acetate solution and 0.5 ml. am- 
monium oxalate solution. Add one drop of methyl orange indicator and 
neutralize with concentrated ammonium hydroxide delivered from a fine jet 
until the indicator has almost completely changed to yellow. It may be neces- 
sary to make the final adjustment with dilute ammonium hydroxide. (Excess 
ammonia may cause precipitation of magnesium ammonium phosphate). 
Filter through a filter stick or sintered crucible after standing for 30 to 60 min- 
utes at room temperature. 

To the filtrate add 2 ml. disodium hydrogen phosphate solution and 1 ml. 
concentrated ammonium hydroxide, stir, and stand overnight. Filter through 
a sintered glass crucible or filter stick and wash twice with 5-ml. portions of 
dilute ammonium hydroxide. Dissolve the precipitate by running through the 
filter two to ten drops (depending on the amount of precipitate) of dilute sul- 
furic acid, rinse the apparatus with about 10 ml. water, and collect the solution 
in a 25-ml. standard flask. Adjust the volume to 25 ml. with water. 

Transfer an aliquot of the solution containing about 0.05 mg. magnesium to 
a 25-ml. standard flask, add 1 ml. ammonium molybdate reagent and 5 ml. 
ferrous sulfate solution. Make up to volume with water. After ten minutes, 
transfer a portion of this solution to the cell of the Spekker absorptiometer and 
measure the optical density, using a red filter (Ilford No. 608). 
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Carry out a blank determination by mixing | ml. ammonium molybdate 
reagent and 5 ml. ferrous sulfate solution in a 25-ml. standard flask, making up 
to volume, and measuring the optical density of the solution as before. 

Correct the reading of the test sample and determine the concentration of 
magnesium from a calibration curve prepared as follows. 

Take a series of standard solutions containing 0 to 15 ml. of standard phos- 
phorus solution B and add to each | ml. ammonium molybdate reagent and 5 
ml. ferrous sulfate solution. Dilute each in a standard flask to 25 ml. and 
measure the optical density, using a red filter (Ilford No. 608). Construct a 
calibration curve plotting magnesium or phosphorus content against optical 
density. 

1 mg. P2O, = 0.568 mg. MgO = 0.341 mg. Mg 


TOTAL PHOSPHORUS 


Weigh 0.1 g. of the dried film into a porcelain crucible and add to it 2 ml. of 
the 10 per cent alcoholic magnesium nitrate solution. Heat on a water bath 
until the aleohol has evaporated, then heat cautiously over a bunsen burner 
until distillation of the rubber is complete. Transfer to a muffle furnace and 
heat to 500° C for thirty minutes. If any carbonaceous residue remains, cool, 
add a few drops of the magnesium nitrate solution where required and heat at 
500° © for a further thirty minutes. After cooling, add 5 ml. of distilled water 
and sufficient dilute sulfuric acid to dissolve the residue on warming. Heat for 
three hours on a water bath, keeping the crucible covered with a watch-glass for 
the first two hours. Add more water if necessary to maintain the volume. 
After cooling, transfer the solution to a 25-ml. standard flask, add 1 ml. ammon- 


ium molybdate reagent and 5 ml. ferrous sulfate solution. Make up to volume 
with water and mix well. From this point continue as in the determination of 
magnesium. 


1 mg. P,O, = 0.437 mg. P 


FREE PHOSPHATE 


Weigh out 0.5 to 3.0 g. of the latex. Blow with air to remove most of the 
ammonia. Dilute to about 5 ml. Add 10 per cent trichloracetic acid drop by 
drop with swirling, until coagulation is complete. Filter through paper on to a 
bed of prepared Amberlite IR 112H resin of diameter about 8 mm. and height 
about 100 mm. (The resin should previously have been soaked in 10 per cent 
hydrochloric acid, washed with 10 to 20 ml. of 10 per cent hydrochloric acid, 
then with sufficient distilled water to remove all excess acid.) Let the filtrate 
run through the resin taking 5 to 10 minutes, and wash through with distilled 
water. Collect the filtrate in a 25 ml. graduated flask or take an aliquot portion 
of the filtrate. Add 1.0 ml. of molybdate reagent and 5.0 ml. of ferrous sulfate 
solution. Make up to 25 ml. with water. After ten minutes transfer a portion 
of this solution to the cell of a Spekker absorptiometer and measure the optical 
density using a red filter (Ilford No. 608). 

Carry out a blank determination and construct a calibration curve as for the 
magnesium determination. 


SUMMARY 


A critical evaluation of the molybdenum-blue method for the determination 
of orthophosphate and magnesium has been made and the conditions have been 
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established for their quantitative determination in rubber latex. The precipi- 
tation of magnesium ammonium phosphate has been shown to be complete 
under the conditions of the test. For the conversion of phosphate to molyb- 
denum blue, a comparison of several recommended reducing agents has shown 
that ferrous sulfate gives a stable and reproducible color which varies with the 
phosphate concentration according to Beer’s Law. For the determination of 
total phosphorus, dry ashing of the sample with magnesium nitrate is proposed, 
followed by hydrolysis and a determination of the phosphate in the ash as molyb- 
denum blue, as for magnesium. Free phosphate in latex serum is determined 
directly after coagulation and removal of interfering substances from the serum 
by cationic exchange. 
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THE WANDERBILT LABORATORY 


... Located in East Norwalk, Connecticut. 
Maintained as a development and 


technical service center in the interest 
of our customers and their efficient use 
of Vanderbilt materials for Dry Rubber, 
Latex, and Plastics Compounding. 


Products of Vanderbilt Research 
it Will Pay You to Investigate... 


BISMATE 

Ultra Accelerator for high 
temperature vulcanization 
of rubber or RS elastomers 


SULFADS 


Effective accelerator for 
Hypalon and neutral Butyl 


vulcanization 


TELLURAC 
Fastest accelerator for black 
or dark colored Buty! 


VANDERBILT CO., INC. 


230 Park Avenue, New York 17,N.Y. 
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B. FC Goodrich Chemical --- 


Where things are tough, and specifica- 
tions are tougher, industry looks to these 
cold polymerized types of Hycar rubber 
to supply the answer. The exceptional 
roperties of these rubbers have estab- 
ished them as the standard for tough-job 


needs, and their long list of applications 
is still growing. 


Check them over, and investigate the 
ones most likely to improve your prod- 


ucts and boost your sales. Write us for 
C o0ses ese helpful information on your specific 
requirements. Please write Dept. ER-2, 
B. F. Goodrich Chemical Company, Rose 
Building, Cleveland 15, Ohio. Cable 


address: Goodchemco. In Canada: 
Kitchener, Ontario. 


High acrylonitrile copolymer. Easy 
processing, excellent olf and solvent 
resistance. 

Used for oil well ports, fuel cell liners, 
fuel hose, rolls, lathe cut goskets, 


cold 


Medium acrylonitrile copolymer. 


Easy processing, very good oll ond 
solvent resistance, good water resist- 
once, excellent solubility. 


Used for shoe soles, kitchen mats, 
printing rolls, rings, gaskets, etc. 
GR-S and vinyl resin modifications, 


the toughest Bo 


Medium low acrylonitrile copoly- 


mer. Easy processing, good oll and 
solvent resistance, very good low 
temperature properties. 


Used for gaskets, grommets, “O” 
rings, hose and other applications 
which require improved low tempera- 
ture properties. 


Crumb form — Medium acrylonitrile 
copolymer. Directly soluble—no mill- 
ing required. 

Used for nts and adhesi 


year 


B. F. Goodrich Chemical Company wtke 
A Division of The 8. F. Goodrich Company Ripper 


@EON polyviny! materials « HYCAR Americen rubber end latex GOOD-RITE chemicals end plesticizers HARMON colors 
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Citrus aurantium 
The “orange” . . . proud prod- 
uct of the West, and one of the 
most important food crops in 


SYNTHETIC RUBBER 


1s a product of the West, too! 


Wuen you neep rubber for sheet- 
ing, molded or extruded goods, tires 
or other uses—Shell Chemical is 
your convenient source West of the 
Rockies. 

The Shell Chemical plant at Tor- 
rance, California, is one of the 
nation’s best-equipped for the pro- 
duction of butadiene-styrene types 
of rubber. Convenient location and 


diversity of product make Shell 
Chemical your Jogical source in 
the West. 

When you encounter troublesome 
technical problems—remember that 
the Shell Technical Service Labora- 
tory will help you find practical 
solutions. 

Next time you need synthetic rub- 
ber—write or call Torrance, Calif. 


SHELL CHEMICAL CORPORATION 


Synthetic Rubber Sales Division 
P. O. Box 216, Torrance, California 
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Now You Can Rely on 
Aging Results up to... 


with the new 


"600" 


LABORATORY AGING 
BLOCK 


Designed expressly for rubber and plas- 
tics laboratories . . . suitable for test-tube 
aging similar to ASTM Method D-865- 
52-T, and aging in various fluids, such 
as oils and fuels. Meets all your high 
temperature aging requirements, 


Manufactured by 
Product Packaging Engineering 


@ AUTOMATICALLY controls temperatures from 100° to 600° F. 

@ Individual test tubes eliminate chance of circulatory air contamination. 
Each test sample isolated from all others. 

@ Built-in heating elements and temperature controls. Eliminate hazardous 
noxious fumes. 

@ Partlow Indicating and Proportioning-Type Thermostat Control used for 
EXACT temperature control. 

@ All units pre-calibrated at factory for complete precision. 

@ 13 holes symmetrically arranged for test tubes 38 mm. x 300 mm. 

@ Operates on 200-Volt, A. C. current, with five 500-Watt, 220-Volt heaters 
for rapid heating. 

@ Entire block of precision machined aluminum with removable bottom plate 
for easy maintenance. 

@ All external parts baked enamel and chrome plated. 

@ SIZE: 15 inches high, 18 inches diameter. Weight: 175 pounds. 

@ Equipped with secondary temperature control, integral with block. Pre- 
vents override of master control unit. 


Me C.PHall G 


CHEMICAL MANUFACTURERS AKRON, OHIO 
NEWARK, WN. J. 
CHICAGO, ILL. 
LOS ANGELES, CALIF. 


Write for full details to: 

THE C. P. HALL CO. 

414 5. BROADWAY, AKRON 8, OHIO 
Sole Distributors 
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$T. JOE lead-free ZINC OXIDES are available in a complete series of 
grades for rubber compounds. Quality control from ore to oxide is one 
of St. Joe's most important production tools. This, together with 
prompt deliveries, unequalled and unbiased customer service, 


accounts for their rapidly increasing use in the industry. 


Black Label +20 
FINE PARTICLE SIZE Fost Cure Red Label +30 


MEDIUM PARTICLE SIZE fost Cure 
Green Label =42A3 
MEDIUM PARTICLE SIZE Siow Cure rn 


Complete dota on all grades, and somples tor testing sent on reqvedt 


Plant 
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ST. JOE Grade () 
FINE PARTICLE SIZE Surfoce Treated 
MEDIUM PARTICLE SIZE Surfoce Treated H 
SPECIAL GRADES FOR LATEX j 
PELLETIZED GRADES Surfoce Treated 
‘ST. JOSEPH LEAD COMPANY! 
aboratory: Mon phtiown) Pa” 
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When EXACT determination 
of modulus is essential..... 


SCOTT MODEL SL 


STRAIN TESTER 


especially useful in 
production control of 


PRECISION RUBBER PARTS 


requiring exact dimensions 
and modulus 


Here is a Scott Tester * that gives exact determination of % elongation at a given stress 
(modulus) and is operable by non-technical personnel. The Strain Test method--now 
also adopted in England—gained prominence during development of the Synthetic Rub 
ber Program, when National Bureau of Standards ** engineers noted that greater pre- 
cision was urgently needed in measuring modulus. Scott Engineers participated in de- 
veloping a satisfactory tester, and the Scott SL is an improved model now commercially 
available. Its features assure positive accuracy in the ranges of 50, 100, 200 and 400 
Ibs./sq./in.: 


@ Weight is in free condition-—positive accuracy free of friction or inertia inter 
ference. 


@ Precisely uniform width of specimen assured by special easily applied pre 
paratory device 


Positive compensation for specimen thickness accomplished semi-automati 
cally by simply turning numbered dials to correspond with actual thickness 
determined by comparator. 


Full-load weighting and timing automatically controlled 


Time of observation mechanically restricted so any possible residual specimen 
creep is negated and precise reading is obtained 


@ Reading is direct in % of elongation for selected Ibs./sq./in. weighting. 


* Trademark 
** Mention of NBS does not constitute endorsement by them 


Request Literature 


SCOTT TESTERS, ING. 
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RUBBER WORLD 


LEADERSHIP THROUGH SERVICE 


RUBBER WORLD has rendered outstanding 
service to its field for over sixty-five years— 
and does so today even more effectively than 


ever before. 


For the reader this means outstanding techni- 
cal data and articles edited by technically 
trained graduate chemists with actual rubber 


production experience. 


For the advertiser this means reaching the 
men responsible for the purchase of materials 
and equipment for the production of rubber 
articles—reaching them with the largest audi- 
ted coverage of the companies, the plants, and 
the people who compromise the total buying 
power in the rubber industry. 


RUBBER WORLD 


386 Fourth Avenue, New York 16, N. Y. 
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RUBBER INDUSTRY 
pEPENDABLE 
=S 

Ls () Md, 


SILENE® EF 
is always 


underfoot. . . and has been 
ever since its early days of production! 


One of the first jobs done by Silene 
EF was its successful use in non- 
marking soles and heels, which 
today still keeps Silene EF the 
number one reinforcing pigment 
in soling. 

The versatility of Silene EF has 
adapted it to the times. As new 
styles and products (such as cellular 
sponge) have come along in recent 
years, Silene EF remains in the new 


formulations as an outstanding value 
among the pigments available to 
soling compounders. For further 
information, contact Dept. Silene 
at the address below. 


COLUMBIA-SOUTHERN 
CHEMICAL CORPORATION 


SUBSIDIARY OF PITTSBURGH PLATE GLASS COMPANY 
DME GATEWAY COMTER PITTSBURGH 22 PEMMSTLYAMIA 


FOR SALE 


One (1) complete set 


& Technology in good condition. 


exceptional buy for 
private library. 


of Rubber Chemistry 
An 


Industrial, Public or 


For price and availability write: 


George E. Popp, Treasurer 
Division of Rubber Chemistry, A.C.S. 


318 Water Street 
Akron 8, Ohio 


FRanklin 6-4126 
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ANTIMONY SULPHIDE 


Regular Grades for Attractive Color 
Also 


A special grade for obtaining colored 
stocks having high abrasion resistance 


RARE METAL PRODUCTS CO. ATGLEN, PENNA. 


SUPERIOR ZINC CORPORATION 
121 North Broad Street Philadelphia 7, Penna. 


Works at Bristol, Pa. 


VULCANIZED VEGETABLE OILS 
RUBBER SUBSTITUTES 


TS 


REPRESENTED BY 


HARWICK STANDARD CHEMICAL CO. 


Akron — Boston — Trenton — Chicago — Denver — Los Angeles — Albertville (Ala) 
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TEX 


d bright pi vinyls. 
lastics, especially 


white on 
rubber oF P 


For full details, write our 


Technical Service Dept. ii] 


SOUTHERN CLAYS, Inc. 


33 RECTOR STREET * NEW YORK 6,N.Y. 
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CARBON BLACKS 
Wyex EPC Arogen GPF 
Easy Processing Channel! Black General Purpose Furnace Black 


Aromex CF 
Channel! Black Conductive Furnace Black 
SRE Aromex ISAF Intermediate 
Semi-Reinforcing F. Black Super Abrasion Furnace Black 
Arovel FEF 


Modulex HMF Fast Extruding Furnace Black 
High Modulus Furnace Black 
Collocarb 


Aromex HAF 60% Carbon Black + 20% 
High Abrasion Furnace Black Process Oil 
CLAYS 
Suprex Clay . . « High Reinforcement 


Paragon Clay. . . . «. Easy Processing 
Hi-WhiteR . . . . + White Color 


RUBBER CHEMICALS 


Turgum S, Natac, Butac. . « Resin-Acid Softeners 
. . . . . . . . . . Reinforcing White Pigment 


TITANIUM PIGMENT TITANOX 
CORPORATION the brightol name in payments 
111 Broadway, New York 6, N. Y. a 


Subsidiary of NATIONAL LEAD COMPANY Wad 
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VULCANOL’ 


Latex Compounds of Proven Quality 


VULCACURE’ 


AQUEOUS SUSPENSIONS OF ULTRA ACCELERATORS 


ALCOGUM 


Sodium Polyacrylate Latex Thickener and Stabilizer 


VULCARITE’ 


A Series of Water Dispersions of Latex Compounding Chemicals 
Technical information and samples forwarded promptly upon request. 


ALCO OIL & CHEMICAL CORP. 


TRENTON AVE. AND WILLIAM ST., PHILADELPHIA 34, PA. 
GARFIELD 5-0621 


WEST COAST REPRESENTATIVE: NEW ENGLAND OFFICE 


.M. al, Ss Alco Oil & Chemical Corp. 
estminster St. 
Los Angeles 58, Calif. ovidence 3, R. lng 
LUDLOW 9-3261 ELMHURST 1-4559 


NATIONAL COLLEGE OF RUBBER TECHNOLOGY 
Holloway Road, London, N.7. 


The College is financed by the Ministry of Education, and supported by the 
Industry. In addition to training for the Diplomas of the College, the courses 


offered include : 
A.LR.1. 


Three-year full-time course. Qualifications for entry—G.C.E. with at least two 
of the subjects chemistry, physics and mathematics at Advanced Level, and the 
third studied to that level 


Associateship Course for Graduates 


One year full-time course. 


L.LR.L 


One-year intensive full-time course for those at ordinary G.C.E. level wishing to 
qualify for a position of subordinate responsibility in the rubber industry. Suc- 
cess in this course also qualifies for admission to the A.I.R.I. course. 


Research Courses 


Suitably qualified rubber technologists are ooourtes for specialised courses leading 


to Fellowship of the National College (F. 
research. 


.C.R.T.) and higher degrees by 


Prospectus, giving details of Scholarships and all full-time, part-time and 
evening courses, free on application 
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Essential Reading for Rubber Men— 


RUBBER: 
Natural & Synthetic 
By H. J. STERN 


New text book on Production 
and Processing including Com- 
pounding Ingredients, Machin- 
ery and Methods for the 
Manufacture of various Rubber 
Products. 


200 Illustrations—491 Pages 


$12.00* Postpaid 
(Sold Only in U.S. and Canada) 


LATEX 
IN INDUSTRY 


By ROYCE J. NOBLE, Ph.D. 
Second Edition of this well- 
known Text Book on Latex. 

912 Pages—25 Chapters 


Bibliography—Indexed 


$15.00* Postpaid in U.S. 
$16.00 All Other Countries 


RUBBER 
RED BOOK 


Directory of the 
Rubber Industry 
Contains Complete Lists of Rub- 
ber Manufacturers and Suppliers 


of Materials and Equipment, 
Services, etc. 


Tenth Issue—1955-56 Edition 


$10.00* Postpaid 


RUBBER AGE 


The Industry’s Outstanding 
Technical Journal Covering the 
Manufacture of Rubber and 


Rubberlike Plastics Products. 


SUBSCRIPTION RATES 


U.S. Canada Other 
1 Year ..,. $5.00 $5.50 $6.00 
2 Years . 7.50 8.50 9.50 
3 Years 10.00 11.50 13.00 


Single copies (up to 3 months) 50¢ 
Single copies (over 3 months) 75¢ 


PALMERTON PUBLISHING CO., INC. 
101 West 31st St., New York 1, N. Y. 


(*) Add 3% Sales Tax for Copies to New York City Addresses 
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RUBBER CHEMISTRY AND TECHNOLOGY 
IS SUPPORTED BY ADVERTISING 
FROM THESE LEADING SUPPLIERS 


INDEX TO ADVERTISERS 


Alco Oil and Chemical Corporation... . 

American Cyanamid Company, Organic Chemicals Division 

American Zinc Sales Company 

Cabot, Godfrey L., Ine. 

Carter Bell Manufac ‘turing C ‘ompa Any, The 

Columbia-Southern Chemical Corporation 

Columbian Carbon Company (opposite Table of C ontents) 

Du Pont, Elastomers Division (Chemicals) 

Du Pont, Elastomers Division (HYPALON) 

Goodrich, B. F., Chemical Company (Hycar Division). 

Goodyear, Chemical Division 

Hall, C. P. Company, The 

Harwick Standard Chemical Company .. (Inside Back C over) 

Huber, J. M., Corporation ee) 

Monsanto Chemical Company 

Naugatuck Chemical Division (U.S. Rubber C ompany) C hemicals 

Naugatuck Chemical Division (U. 8. Rubber Company) Senet 17 

Neville Chemical C ompany. 15 

New Jersey Zine Company, The + (Outside Back Cove r) 

Northern Polytechnic National Colle age of Rubber Technology... 34 

Pan American Refining Corporation, Pan American Chemicals 
Division... . 10 

Phillips Chemical Company (Philblack) (Opposite Inside Front 
Cover) 

Phillips Chemical Company (Philprene) 

Rare Metal Products Company 

Richardson, Sid, Carbon Company 

Rubber Age 

Rubber World 

St. Joseph Lead Company 

Scott Testers, Inc. 

Sharples Chemicals, Inc. 

Shell Chemical Corporation 

Southern Clays, Inc. 

Stamford Rubber Supply Company 2 

Sun Oil Company, Sun Petroleum Products (Opposite Title P: age) 18 

Superior Zine Corporation 31 

Thiokol Corporation, The. . . 6 

Titanium Pigment Corporation. 33 

United Carbon Company...... _. (Inside Front Cove r) 

Vanderbilt, R. T. Company... 2! 

Velsicol Chemical Corporation, Industrial Division 9 

Witco Chemical Company. 2 
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ADVERTISE 


RUBBER CHEMISTRY 
AND TECHNOLOGY 


KEEP YOUR NAME AND YOUR 
PRODUCTS CONSTANTLY BEFORE 
THE RUBBER TECHNOLOGIST 


Advertising rates and information about 


available locations may be obtained from 
E. H. Krismann, Advertising Manager, Rub- 
ber Chemistry and Technology, care of E. I. 
du Pont de Nemours & Company, 40 East 
Buchtel Ave. at S. High St., Akron 8, Ohio. 
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For EXTRA-HIGH resistance 
to deterioration, make your 
products with 


HEAT-RESISTANT— HY PALON showsun- 
usual resistance to hardening at elevated 
temperatures (250°-350°F.). Ask for Re- 
ports BL-262, BL-267 and BL-306. 


OZONE-RESISTANT— Exposure to ozone 
concentrations up to 150 ppm—a mil- 
lion times atmospheric concentrations 
—have shown that compounds of 
HYPALON are unaffected by ozone. 
Ask for Report BL-269. 


WEATHER -RESISTANT — Compounds of 
HYPALAON, either brightly colored or 
black, do not lose their physical proper- 
ties or appearance during long outdoor 


exposure. Ask for Report BL-274. 


CHEMICAL-RESISTANT — Concentrated 
sulfuric acid and hypochlorite solutions 
have little or no effect on compounds of 
HYPALON. Their superior resistance 
to oxidizing agents is a distinct advan- 
tage over other rubber compositions. 
Ask for Reports BL-261 and BL-271. 


In addition, HYPALON offers su- 
perior scuff and abrasion resistance, and 
oil and grease resistance. Properly com- 
pounded vulcanizates of HYPALON 
will not support combustion and will 
resist flex cracking and crack growth. 


The general story of HYPALON is given in Report No. 55-3 


HYPALON 20 is discussed in Report No. 55-5 
Ask our District Offices for the reference reports if you don’t have them, 
E. I. pu Pont pe Nemours & Co, (Inc.), ELastomers Division 


Akron 8, Ohio, 40 E. Buchtel Ave 
Atlonte, Go., 1261 Spring St., N.W 
Boston 10, Mass., 140 Federal St 
Chorlotte, 427 W. 4th St 


Chicago 3, Ill, 7 South Dearborn St 
Detrott 35, Mich., 13000 W. 7-Mile Rd 


ANdover 3-7000 
UNiversity 4-1963 


Houston 25, Texas, 1100 E. Holcombe Bivd 
Los Angeles 58, Colif., 2930 E. 44th S 


Trenton 6, N. J. 1750 N. Olden Ave 


EXport 3-7141 
in New York coll WAlker 5.3290 


in Conedea contact: Du Pont Company of Cancdo Limited, 


Box 660, Montreal. 
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Pont's new ayne bher) 
DISTRICT OFFICES; 
2-6461 
tRinity 5-5391 
6-1711 
5-5561 
Jackson 86-1432 
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THROUGH CHEMISTRY 


You can depend upon the Precision char- 
acter of Harwick Standard Chemicals re- 
gardiess of the quantity requirement . . . 
Here is dependable assurance of uniformity // 
in any type compounding material for /§J 
rubber and plastics to give certainty in | 
product development and production runs. / 
Our services are offered in co- 

operative research toward the 
application of any compounding 

material in our line to your 

production problems. 


= 


/ 


HARWICK STANDARD CHEMICAL Co. 


AKRON &, OHIO 


BRANCHES: BOSTON, TRENTON, CHICAGO, LOS ANGELES 


RUBBER and 
OW 

TERP 

STYRENES" 


HORSE 

OXIDES 


FORMURATE- FASTER! 


.-+ Because the Horse Head line comprises the most 
complete family of Zinc Oxides for rubber: 
1. It is the only line having such a wide range of particle 
sizes, surface conditions and chemical compositions. 
2. Its conventional types cover the range of American 
and French Process oxides. 
3. Its exclusive types include the well-known Kadox 
t means you need not waste as 
Zinc Oxide to bah specific compound. Instead, just choose 
from the Horse Head line the Zinc Oxides that best meet 
your needs, 


FORMULATE 


choose from bs: wide variety of Horse Head Zinc Oxides. 

. .- Because the Horse Head brands can improve the 
ies of your compounds, 

tor oan » more rubber 

manufacturers have used more tons of Horse Head Zinc 

Oxides than of any other brands. 


THE NEW JERSEY ZINC COMPANY 


Founded 1848 
160 Front Street, New York 36, N. Y. 
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